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Initial Skill Acquisition of Handrim Wheelchair
Propulsion: A New Perspective

Riemer J. K. Vegter, Sonja de Groot, Claudine J Lamoth, Dirkjan Hej Veeger, and Lucas H. V. van der Woude

Abstract—To gain insight into cyclic motor learning processes,
hand rim wheelchair propulsion is a suitable cyclic task, to be
learned during early rehabilitation and novel to almost every indi-
vidual. To propel in an energy efficient manner, wheelchair users
must learn to control bimanually applied forces onto the rims,
preserving both speed and direction of locomotion. The purpose
of this study was to evaluate mechanical efficiency and propulsion
technique during the initial stage of motor learning. Therefore, 70
naive able-bodied men received 12-min uninstructed wheelchair
practice, consisting of three 4-min blocks separated by 2 min rest.
Practice was performed on a motor-driven treadmill at a fixed
belt speed and constant power output relative to body mass. En-
ergy consumption and the Kinetics of propulsion technique were
continuously measured. Participants significantly increased their
mechanical efficiency and changed their propulsion technique
from a high frequency mode with a lot of negative work to a
longer-slower movement pattern with less power losses. Further-
more a multi-level model showed propulsion technique to relate
to mechanical efficiency. Finally improvers and non-improvers
were identified. The non-improving group was already more
efficient and had a better propulsion technique in the first block
of practice (i.e., the fourth minute). These findings link propulsion
technique to mechanical efficiency, support the importance of a
correct propulsion technique for wheelchair users and show motor
learning differences.

Index Terms—Biomechanics, motor learning, rehabilitation,
wheelchairs.

I. BACKGROUND

HEN confronted with a new motor task the performance
of this task will usually improve through practice. This
process of skill acquisition is a key element of human func-
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tioning during daily life and is an essential element during re-
habilitation after disease or injury. A typical example of a to-
tally new motor skill to be learned during rehabilitation is han-
drim wheelchair propulsion. Despite advances in technology
and possibilities of other propulsion mechanisms the hand rim-
propelled wheelchair is still the most often used form of mo-
bility for those who lost their walking ability [ 1]. However, com-
pared to other forms of ambulation the mechanical efficiency,
i.e., the ratio of external power output over internal power pro-
duction, of hand rim propulsion is low, while at the same time
overuse problems are common [2]-[6]. Increased proficiency of
the wheelchair propulsion skill is implied to improve mobility
and reduce risks of injury, where literature specifically advises
to use long smooth strokes leading to a reduced frequency of
movement [7].

To gain insight into motor learning processes of cyclic motor
tasks, the study of hand rim wheelchair propulsion, as a form of
ambulation in daily life and rehabilitation is very suitable, be-
cause it entails several unique features. First, the cyclic nature of
steady-state wheelchair propulsion makes it possible to evaluate
performance using energy consumption as a generic outcome
measure of motor learning [8]. Second, during the push and re-
covery phase there are multiple degrees of freedom enabling the
user to perform the task in different ways, allowing propulsion
technique to change between the left and right wheel and over
time within one side [9]. Finally wheelchair propulsion is a task
that is new to persons who just lost their walking ability and to
many able-bodied participants as well. Therefore, in the study
of motor learning able-bodied participants can serve as a model
to study the early acquisition of this skill, without being too het-
erogeneous as a group, because of for instance spinal cord lesion
level or upper-body asymmetries and without being hindered by
the recent trauma early in rehabilitation.

With regard to motor learning in every day cyclic tasks [10],
Sparrow and Newell proposed a constraints-based framework
of metabolic energy expenditure, motor coordination and con-
trol [11]. Central to their model is the suggestion that observed
movement patterns emerge from the interaction between dif-
ferent (external, task, and internal) constraints, with metabolic
energy being the currency of the interaction. In other words,
motor learning is the process of acquiring a movement pattern
that minimizes the energy expenditure within the constraints of
the task. In line with this model, several learning studies using
different cyclical upper- or lower-body tasks found a reduction
in energy expenditure through practice [8], [12]. For instance
learning studies using a ski-simulator or a rowing-ergometer
showed a reduction of energy expenditure through practice
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while maintaining the same power output [8], [12]. The reduced
energy cost in these different cyclical tasks coincided with an
increase in movement amplitude and a decrease of movement
frequency described as a longer-slower movement pattern. For
handrim wheelchair propulsion this corresponds with a longer
stroke, both in time and space when pushing and thus with a
reduction in the frequency of these pushes.

Indeed motor learning studies in wheelchair propulsion using
either an instrumented ergometer or using ambulant measure-
ment-wheels have shown an increase in mechanical efficiency
in combination with a longer stroke and reduced frequency
for both able-bodied participants and people with a disability
[16]-[23]. In these studies practice interventions ranged from
three to twelve weeks and one study followed persons with
spinal cord injury observationally over the course of rehabili-
tation [24]. Two (combined) studies evaluated the initial first
12 min of wheelchair propulsion practice performed by nine
novice able-bodied participants on a wheelchair ergometer
[25], [26]. These two studies showed that propulsion technique
measures, like a reduced push frequency and an increased peak
torque, changed already during the first 12 min of practice,
however a reduction of energy expenditure was not found.

The current study will revisit the initial motor learning process
and evaluate the changes in energy expenditure and propulsion
technique over this short 12 min period. Three key differences
with respect to the earlier studies will further our understanding
of changes in mechanical efficiency and its relation to propul-
sion technique. The first is the use of a treadmill in combina-
tion with ambulant measurement wheels instead of a stationary
ergometer [27]. Due to the necessity to combine both steering
and propulsion the use of a motor driven treadmill is expected
to be more demanding, leading to an increased movement vari-
ability and subsequently having more degrees of freedom that
need to be learned during practice and thus being more similar to
over-ground wheelchair propulsion. Second, the availability ofa
large sample of 70 able-bodied participants, will make it possible
to not only examine the changes over time of energy expenditure
and propulsion technique, but also to examine the interaction(s)
between propulsion technique and biomechanical variables using
multi-level regression analyses. Finally, the larger groups allows
for studying possible differences in motor learning capacity be-
tween participants [28]-[30].

Therefore the objective of the current study was to establish
whether the motor learning process during the first 12 min of
handrim wheelchair propulsion would lead to 1) an increased
mechanical efficiency and a longer-slower movement rhythm;
2) an association of propulsion technique to mechanical effi-
ciency within and between participants; 3) differences between
participants in the motor learning process based on the degree
of improvement in mechanical efficiency.

The typical changes of propulsion technique that are found
after longer practice interventions such as a reduction in fre-
quency and increase in contact angle and reduction of negative
work are expected to already be seen within the 12-min practice
intervention [16]-[23], [25], [26]. As a consequence of a more
effective propulsion technique a directly increased mechanical
efficiency is expected.

II. METHODS

A. Participants

After having given written informed consent, a convenience
sample of 70 able-bodied men participated in the study. To com-
pare our results with previous research the criteria for inclu-
sion were male, between 18—65 years, no prior experience in
wheelchair propulsion, and absence of any medical contra-indi-
cations [16], [18], [19], [25], [31]. The participants had a mean
age of 22.8 years (std = 3.6), a mean body mass of 80.2 kg
(std = 11.4), and a mean height of 1.87 m (std = 0.07). All
participants signed an informed consent. The study was per-
formed according to the guidelines of the Local Ethics Com-
mittee of the center for Human Movement Sciences, University
Medical Center Groningen, University of Groningen.

B. Protocol

The single session 16-min experiment was conducted on a
level treadmill of 2.4 m length by 1.2 m width (Forcelink BV,
Culemborg, The Netherlands) in the same experimental wheel-
chair (Double Performance BV, Gouda, The Netherlands) with
24-in measurement wheels. Each participant performed three
4-min exercise blocks at a fixed submaximal power output of
0.20 W/kg body weight, with 2 min of rest in between blocks.
This low intensity was chosen to minimize fatigue or training ef-
fects and focus primarily on motor learning. The first 40 s were
used to get the treadmill up to a speed of 1.11 m/s (4 km/h).
Participants received no specific instructions other than to stay
on the treadmill using the hand rims. Apart from rolling resis-
tance, the required power output was imposed by adding mass
to a pulley system. Pulley mass was determined from the results
of an individual wheelchair drag test [5], [32].

C. Measurement Wheels

The experimental wheelchair was kept constant (e.g., tire
pressure was inspected before testing), and no individual
changes were made to the wheelchair for the different partici-
pants. The regular rear wheels of the standardized wheelchair
were replaced with two instrumented wheels; on the left the
Optipush (Max Mobility, LLC, Antioch, TN, USA) and on
the right the Smartwheel (Three-Rivers Holdings, Mesa, AZ,
USA). Both wheels measure 3-D forces and torques applied
to the hand rim, combined with the angle under which the
wheel is rotated. Data were wirelessly transferred to a laptop
at 200 Hz (Optipush) and 240 Hz (Smartwheel). Both wheels
were synchronised by an electronic pulse at the start of each
measurement [27]. Data from the Optipush were primarily
used in the analyses, only when the Optipush data were lacking
they were replaced with Smartwheel data. Data of both wheels
show good comparability, with an intra-class correlation (ICC)
of 0.89 for mean power output and ICC’s higher then 0.90 for
propulsion technique characteristics [27].

D. Energy Expenditure

Oxygen consumption (VO2) was continuously measured
during the 16-min experiment using breath-by-breath open
circuit spirometry (Oxycon Pro-Delta, Jaeger, Hoechberg,
Germany). The gas analyzer was calibrated using a Jaeger 51
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Fig. 1. Example of the power output over the whole practice protocol for one
participant. Three 4-min practice blocks are separated by 2 min of rest. Data
was analyzed at the last minute of each practice-bock, shown as T1, T2, and T3,
being the fourth, eighth, and twelfth minute of practice.

syringe, room air and a calibration gas mixture. Data collected
over the fourth minute of each exercise block were averaged
and taken to reflect physiological steady-state wheelchair
propulsion. From the VO2 (L/min), VCO2 (L/min), and respi-
ratory exchange ratio (VCO2/VO2) the energy expenditure was
determined using the formula proposed by Garby and Astrup
[33].

E. Data Analysis

The data from the instrumented wheels were further an-
alyzed using custom-written MATLAB routines. Data of
all three blocks including the rest periods were collected in
one continuous measurement (Fig. 1). To be sure of stable,
steady-state propulsion, each last minute from the three 4-min
blocks (T1-T2-T3) was used for the analysis. Per participant
and block, nine parameters of data output were further used in
the analysis. These were the X, y, and z components of force
(N) and torque (Nm) as expressed by the wheels in their local
coordinate systems, angle (rad), time (s), and sample number.
Individual pushes were defined as each period of continuous
positive torque around the wheel axis with a positive minimum
of at least 1 Nm. Over the identified pushes biomechanical
variables were calculated and subsequently averaged over all
pushes within the fourth minute of each practice block per
participant. Calculated variables are defined in Table I and
Fig. 2. Over these variables the coefficient of variation (CV),
i.e., the ratio of the individual standard deviation to the mean
for each practice-block, was calculated to see if participants
would reduce in variability because of motor learning.

F. Statistics

For each propulsion-technique variable and its CV a re-
peated-measures Anova was performed, followed by a post-hoc
analysis to see which blocks differed from each other. Signif-
icance for the repeated measures Anova was set at a p < 0.05
and by use of the Bonferroni correction the significance for the
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Fig. 2. Definition of the analyzed propulsion technique variables. Plotted is the
power production over time. Note the push detection of the start and end of a
push and the negative dips before (PnegS) and after the push (PnegE).

post hoc t-test between any two different blocks was p < 0.017
[34]. Effect size was calculated using partial eta-squared (77]%)
and interpreted as small (> 0.01), medium (> 0.06), or large
(> 0.14) [35].

To evaluate the relationship between propulsion technique
and mechanical efficiency multi-level analysis was performed
using MLWin [36]. The different propulsion technique variables
(Table I) were first studied univariate in relation to the depen-
dent variable mechanical efficiency. The variables that related
significantly with p < 0.05 to mechanical efficiency were used
for multivariate analysis. Since the different propulsion vari-
ables are not all independent, but are theoretically linked to each
other they are not expected to all remain in the multivariate
model. First, all the variables that were significant in the uni-
variate model were added to the multivariate model and then,
using a backward regression procedure, one-by-one the non-
significant terms were removed to come to the final model. This
final model shows the relation of the resulting propulsion tech-
nique variables in the model to mechanical efficiency over all
observations of participants and blocks.

To examine whether a change in propulsion technique re-
lates to a change in mechanical efficiency a second multi-level
analysis was done on the delta scores, i.e., the differences be-
tween the blocks (T2-T1 and T3-T2). Here the same method was
applied as above to see which variables fitted the model best.
The final delta model shows if changes in propulsion technique
within participants relate to changes in mechanical efficiency.

Finally, we examined motor learning differences between
participants. The group was split in two, based on a relative
increase in mechanical efficiency of larger then 10% between
T1 and T3, to ensure that differences in learning were above the
natural expected variation. The two groups were subsequently
compared on their mechanical efficiency and the most impor-
tant propulsion technique variables (as shown by the multi-level
model) over all three practice-blocks using repeated-measures
Anova, with the interaction between group (= 10%or > 10%)
and practice-blocks as the most important outcome.
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TABLE I
PROPULSION TECHNIQUE VARIABLES
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Variable: Description: Equation:
Calculated from the oxygen uptake and respiratory
Energy expenditure (W) exchange ratio according to Garby and Astrup [33] ((4.94*RER+16.04)*(1000*V0O2))/ 60
The percentage of internal power used for external power
Mechanical efficiency (%) delivered at the wheels Mean power output/ Energy expenditure
Time from the start of positive torque to the stop of
Push time (s) positive torque for an individual push. tend(1) = toar(i)
Time from the start of positive torque to the next start of
Cycle time (s) positive torque. tend() - teng(i-1)
Frequency (push/min) The number of complete pushes per minute. Npushes/At
Pos. Work/push (J) The power integrated over the Contact angle of the push. | Y .rend(TZ * AQD)
The power integrated over the wheel rotation angle
Neg. Work/cycle (J) during the recovery phase > endstart(TZ © AQD)
Net Work/cycle (J) The mean power output divided by the push frequency Mean(P,,) / Frequency
(Neg. Work/cycle / (Net
%NegWork/cycle (%) The Neg. work per cycle relative to the Net Work/cycle Work/cycle))*100
PnegS (W) The minimum power preceding the push phase Min.g,+ (Power)
PnegE (W) The minimum power following the push phase Min..,q(Power)
Contact angle (°) Angle at the end of a push minus the angle at the start. Dend(1)-Dgrar()
The rate of rise from the start of the push phase to the
Slope (Nm/s) maximum delivered torque around the axle MaxTorque/At
Ft0tyean (N) 3d mean force within the push phase Meanyend(FX>+Fy*+Fz3)"
Ftot,ea (N) 3d peak force within the push phase MaXgarend FX+Fy*+Fz%)"°
FeFimean (%0) Mean Fraction effective Force Meanrend(Frangential/ Fiotar)
FeFeax (%) Peak Fraction effective Force MaXtart:end(Frangential/ Frotal)

Abbrevations: t, time(s); g .(1), start of the current push (sample); .,q(1), end of the current push (sample); @, angle (rad); Fx,

Fy and Fz, force components (N); Tz, torque around wheel axle (Nm);

III. RESULTS

All participants were able to complete the whole protocol
without incidents. The Optipush data (left side) were used 66
times, while Smartwheel data (right side) were used four times.
On average participants practiced at a power output of 17.4W
(std = 3.67). Fig. 1 shows a typical example of the power
production over the whole measurement period of one partic-
ipant, while Fig. 3 gives a more detailed view of the changes in
torque production at the three practice-blocks. Table II lists the
results for mechanical efficiency and the propulsion technique
variables over time (T1-T3).

A. Energy Expenditure

The energy expenditure as calculated from the oxygen con-
sumption significantly reduced (from 371 W to 345 W to 332
W), accounting for an increased mechanical efficiency (from
4.8% to 5.3% to 5.5%) over the three blocks (Table II). For both
measures the post-hoc comparison showed statistically signifi-
cant changes over time, i.¢., a higher mechanical efficiency each
next block.

B. Propulsion Technique

A significant increase in push time (from 0.26 s to 0.29 s to
0.31 s) and cycle time (from 0.91 s to 1.00 s to 1.05 s) was
found (Fig. 3.). The increase in cycle time over the three practice
blocks was associated with a reduced frequency (from 73.0 to
66.0 to 62.2 pushes/min). The positive work per push went up
(from 8.56 J 10 9.36 J 0 9.76 J) from T1 to T3, while the amount
of negative work per cycle reduced (from —0.85.7 to —0.68 to
—0.51.J) with practice, which leads to an increased net work per
cycle. The reduced amount of negative work was achieved by
significantly reducing both the negative phases before the push
(from —8. W to —6.1 W to —5.5) W and after the push (from
—5.0 W to —3.9 W to —2.8 W). Fig. 3 shows the change in
propulsion technique of one participant over the three blocks.

The increased work per push was achieved by an increase of
the contact angle on the hand rim (from 55.1° to 61.1° to 64.5°),
rather than an increase of force application, i.e., no increase of
either Ftotean or Ftot,..x was found. The mean push force
Ftotean actually went down (from 47.2 N to 45.3 N to 45.0
N), which was a significant main effect, but post-hoc tests only
showed a significant change between the first and last block. The
slope, i.e., the rise of torque per second, significantly reduced
(from 106.2 Nm/s to 90.1 Nm/s to 83.6 Nm/s) showing that
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Fig. 3. Typical example of the individual torque signal for the fourth (T1), eighth (T2), and twelfth (T3) minute. Over the whole group participants show a
reduction in frequency and increase in work per push. Further the negative work per cycle is reduced for each next measurement period, depicted as the filled

surface below zero.

the peak torque was reached over a longer range of both time
and angle. The mean fraction effective force showed a signifi-
cant main effect (from 67.2% to 69.2% to 69.0%), but post-hoc
tests only showed a significant difference between the first and
second block. The peak fraction effective force did not change
significantly.

C. Within Subject Variability

Participants significantly reduced the coefficient of variation
for the positive work per push, slope, contact angle, Ftot,ean,
cycle time, Ftoteak, and push time. The largest reduction was
found in the positive work per push (from 24.9% to 22.1% to
20.1%), which is a 19.2% reduction of the between cycle vari-
ability.

D. Relationship of Propulsion Technique To Mechanical
Efficiency

Table III lists the univariate relation of the different propul-
sion technique variables to mechanical efficiency. Table IV
shows the final multivariate models for the three practice-blocks
and their delta values. In the final multivariate model the per-
centage negative work per cycle and the contact angle related

significantly to mechanical efficiency, explaining together 49%
of the variance in mechanical efficiency (Table IV).

The change model based on the delta-scores showed that a
change of percentage negative work per cycle, contact angle,
frequency and net work per cycle related to a change in gross
ME, together explaining 35% of the variance in change of me-
chanical efficiency (Table IV).

E. Individual Differences in Motor Learning

From the 70 participants 46 increased their mechanical
efficiency with more then 10% between T1 and T3 whereas
24 did not. The repeated measures Anova (Fig. 4, Table V)
showed interaction effect between group and practice-blocks
(p < 0.0001). The 24 non-improvers had a significant higher
mechanical efficiency at T1 compared to the improving group
(5.6% versus 4.4%, p < 0.001). At T2, because of the Bonfer-
roni correction, the difference between groups almost reached
significance (5.7% versus 5.1%, p = 0.026). At T3 the non-
improving and improving group were equal (5.5% versus
5.5%, p < 0.97). The four propulsion technique variables, i.c.,
percentage negative work per cycle, contact angle, frequency
and net work per cycle, that were identified by the multi-level
analysis as being strongly related to mechanical efficiency, also
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TABLE II
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MEANS AND STANDARD DEVIATIONS OF ALL ANALYZED TECHNIQUE PARAMETERS FOR THE FINAL MINUTE OF EACH OF THE THREE 4-MIN PRACTICE BLOCKS
(T1, T2, T3). LAST COLUMN SHOWS THE P-VALUE OF THE REPEATED MEASURES ANOVA. * NOTES A SIGNIFICANT POST-HOC DIFFERENCE BETWEEN ALL THREE
BLOCKS. + REPRESENTS A SIGNIFICANT VALUE FOR THE MAIN EFFECT, BUT NOT FOR ALL POST-HOC DIFFERENCES. TRENDS OF SIGNIFICANT CHANGES OVER

TIME ARE SHOWN WITH ARROWS

UNIVARIATE MULTI-LEVEL MODELS, WITH MECHANICAL EFFICIENCY

AS THE DEPENDENT VARIABLE

Constant SE Beta SE p-value Explained Var. (%)
Empty 5.20 0.13 - - - -
Neg. Work/cycle (J) 5.89 0.13 | 1.01 | 0.09 <0.001 31.43
PnegE (W) 5.85 0.13 | 0.17 | 0.02 <0.001 30.97
Frequency (push/min) 7.53 027 | -0.04 | 0.00 <0.001 27.95
PnegS (W) 6.36 0.16 | 0.18 | 0.02 <0.001 27.89
Contact angle (°) 2.11 031 | 0.05] 0.01 <0.001 25.72
Push time (s) 223 031 | 1031 | 1.00 <0.001 23.23
Slope (Nm/s) 6.61 021 | -0.02 | 0.00 <0.001 18.37
Cycle time (s) 3.14 029 | 2.08| 026 <0.001 18.04
Net Work/cycle (J) 2.99 025 | 026 0.03 <0.001 17.32
Pos. Work/push (J) 3.01 031 | 024 0.03 <0.001 472
FeFmean (%) 3.90 0.66 | 0.02 | 0.01 <0.05 1.57
Fnean (N) 6.04 038 | -0.02 | 0.01 <0.05 0.39

showed an interaction effect between group and practice-blocks

(p < 0.001).

IV. DIScUSSION

Aim of the present study was to evaluate the change in me-
chanical efficiency and propulsion technique during the initial
skill acquisition of a steady-state wheelchair propulsion task,
using able-bodied participants. Within the 12 min of practice
participants learned to deliver the same power output using less

Wheels + Oxycon (N=70) T1 T2 T3 F P npz
Mean Std Mean Std Mean Std (2,138)
Energy expenditure (W) 371 108 345 100 332 85 19.46 <0.001*¥ | 0.22
Mechanical efficiency (%) 4.8 1.2 53 1.3 55 1.1 33.27 <0.001* AN | 0.33
Push time (s) 0.26 0.06 0.29 0.06 0.31 0.06 45.89 <0.001*, AN | 0.40
Cycle time (s) 0.91 0.29 1.00 0.32 1.05 0.31 28.69 <0.001* AN | 0.29
Frequency (push/min) 73.0 20.9 66.0 18.6 62.2 17.2 27.44 <0.001*,¥ | 0.28
Pos. Work/push (J) 8.56 2.94 9.36 3.05 9.76 293 28.67 <0.001*AN | 0.29
Neg. Work/cycle (J) -0.85 0.89 -0.68 0.86 -0.51 0.69 19.04 <0.001*\¥ | 0.22
Net Work/cycle (J) 7.67 3.07 8.62 3.19 9.19 3.09 34.59 <0.001* AN | 0.33
PnegS (W) -8.1 4.4 -6.1 3.3 5.5 3.1 43.18 <0.001*,¥ | 0.38
PnegE (W) -5.0 5.4 -3.9 4.8 2.8 3.4 21.49 <0.001*,N¥ | 0.24
Contact angle (°) 55.1 13.0 61.1 12.5 64.5 12.9 41.87 <0.001* AN | 0.38
Slope (Nm/s) 106.2 42.8 90.1 31.6 83.6 304 25.43 <0.001*,\¥ | 0.27
Finean (N) 47.2 14.1 453 12.2 45.0 11.5 4.18 0.02%, W |0.06
Fpeak (N) 76.4 24.2 73.7 21.5 73.8 19.9 2.35 0.1 -
FeFmean (%) 67.19 8.46 69.19 9.28 69.00 8.97 4.05 0.02" AN | 0.06
FeFnax (%) 96.3 13.3 98.3 15.5 98.5 15.7 1.47 0.23 -
TABLE III

energy and concomitantly changed their propulsion technique.

Furthermore the increased mechanical efficiency related to the
changed propulsion technique of the participants. Finally, it was
shown that two different learning groups could be identified, a

group that not or only slightly improved their mechanical ef-
ficiency and one that improved much more during the three
4-min practice-blocks. The no-improvers already had a higher
mechanical efficiency and a better propulsion technique com-
pared to the improving group at the first time of measurement.
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TABLE IV

MULTIVARIATE MULTI-LEVEL

MODELS, WITH MECHANICAL

EFFICIENCY AS THE DEPENDENT VARIABLE

ME Normal values Delta values
Beta SE p-value R’ Beta SE p-value R’
Constant 4.231 0.356 0.122 0.068
% Neg work/cycle -0.063 0.007 | <0.0001 -0.060 0.013 | <0.0001
Contact angle 1.414 0.305 | <0.0001 | 47% 1.318 0.666 | <0.05
Freq(min) - - - 0.028 0.009 | <0.05
Net Work/cycle - - - 0.163 0.071 <0.05 35%

Differences between the low-and high-learning group
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Fig. 4. Interaction effects of group and practice-blocks for mechanical effi-
ciency and the most important propulsion technique variables. The = 10%-in-
crease group already had a higher mechanical efficiency and a better propulsion
technique at the start. The error bars depict the standard error of measurement.
T1, T2, T3 on the x-axis represent the fourth, eighth, and twelfth minute of prac-
tice in all graphs.

Where previously the study of De Groot ef al. [25] did not
observe a reduction of energy cost, i.e., an increased mechanical
efficiency, the current study did find these changes over a very
short practice period. Important differences of the current study
with that of De Groot ef al. [25] is the much larger number of
participants (N=70 versus N=9) and the use of a wheelchair on
a treadmill instead of an ergometer. It was hypothesized that the
combination of propulsion with steering would make propul-
sion on the treadmill a more challenging task then pushing on
a stationary ergometer. One clear difference that in our view
relates to the increased difficulty of the treadmill is the higher
push frequency of the participants. Compared to the push fre-
quency on the ergometer (57-53-51 Pushes/min) the frequency
on the treadmill was higher (73—-66-62 Pushes/min), despite
the lower power output (22.5 W versus 17.2 W, respectively).

This is contrary to the findings of a different study with two
levels of intensity on the ergometer, which found that a higher
power output (0.15-0.25 W) showed a higher push frequency
(41.7-46.4 Pushes/min) [16]. Apparently participants propel at
a higher frequency on the treadmill to maintain a better control
over the directional change of the wheelchair, which has to be
aligned with the 1.2 m width of the treadmill. Since this extra
steering component relies more on control it might be more
susceptible to learning processes that reduce and compensate
for bilateral asymmetries, explaining the increased learning
effects found in the current study.

The larger sample size leads to more statistical power. The
group of 70 participants offered a unique opportunity to find
group level effects, allowed the use of multi-level analysis
within and between subjects and gave the possibility to dis-
criminate between differences in motor learning. The changes
in propulsion technique that were found together with the re-
duced energy cost are discussed in relation to each other below.

At steady-state wheelchair propulsion with a fixed speed
of the treadmill, the average power output remains constant.
Propulsion technique can change but in the end the average
power output must be maintained to keep rolling on the tread-
mill. Because of this constant power output the propulsion
technique parameters are linked to each other and change in
one will be reflected in the other.

First power output is performed through the multiplication of
work per cycle and the frequency of the pushes [37]. Any reduc-
tion of push frequency will have to go along with increased work
per cycle and vice versa to maintain the power output neces-
sary at a certain treadmill speed. As expected from earlier work
on wheelchair propulsion and motor learning the participants
indeed learned a “longer-slower” movement pattern [16]-[23].
An increased work per push was associated with a reduced push
frequency.

Second, the work per push is the integration of positive torque
around the axle over the angle through which it rotates. Any
combination of angle and torque can account for the work done
within a push. Although this gives a large range of performance
possibilities probably some are more suitable to perform in a
less straining, more energy efficient way. As expected from the
“longer-slower” movement hypothesis [11] participants learned
to use a prolonged trajectory of the hand in contact with the
hand rim, resulting in a longer push time. Interestingly this is
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TABLE V
MEANS AND STANDARD DEVIATIONS OF MECHANICAL EFFICIENCY AND THE MOST IMPORTANT TECHNIQUE PARAMETERS FOR THE FINAL MINUTE OF EACH
OF THE THREE 4-MIN PRACTICE BLOCKS (T1, T2, T3). THE T-TEST SHOWS THE DIFFERENCES BETWEEN THE GROUPS WITHIN A PRACTICE BLOCK. THE
INTERACTION EFFECT SHOWN BY THE REPEATED MEASURES ANOVA SHOWS THE LEARNING DIFFERENCES. * NOTES A SIGNIFICANT EFFECT OF p < 0.001

T1 T2 T3 F time F group F time*group
Mean Std p-ttest | Mean Std p-ttest | Mean Std p-ttest | (2,136) Ny’ 1,136) np’ 2,136) Ny’
“:‘fcf‘a“““' <10% | 4.37 1.10 | 0.000 | 5.06 126 | 0.042 | 5.52 120 | 0970 | 48.61* | 042 | 5.15% | 042 | 32.79% | 033
etticiency
(%) >10% | 5.62 1.00 5.71 1.16 5.51 1.05
g:g‘k/ o | <10% | -044 042 | 0005 |-045 | 057 |0102 |-040 | 064 | 0317 |2L07* | 024 |407% | 035 |835* |0l
ork/cycle
@ >10% | -1.07 | 1.00 080 | 095 057 | 071
Contact <10% | 61.90 | 11.89 | 0001 | 63.03 | 1147 | 0344 | 6603 | 1278 | 0465 |4686* | 041 |323 |022 |922¢ |o0.12
angle (°) >10% | 51.55 | 12.30 60.03 | 12.93 63.64 | 12.98
Frequency | <10% | 6506 |17.89 |0.020 |63.00 |1805 |0340 |6099 | 1816 |0.677 |29.53* [030 | 196 |0.16 | 626* | 0.08
(push/min) | >10% | 77.15 | 21.31 67.50 | 18.84 62.82 | 16.85
‘N;‘R/ o | <10% | 889|294 o015 | 909 |298 | 0379 | 9.43 3.01 0.652 | 38.60% | 036 | 1.69 | 024 | 9.00% | 0.12
ork/cycle
1)) >10% | 7.04 | 2.96 838 | 330 907 | 3.16

opposite to the results found in the de Groot et al. study, where
the increased work per push was attributed to an increase in peak
torque and no significant change in push time was found [25].

Third, the increase of contact angle led to a reduction of the
slope, the rise of torque per second, which meant that the build
up of force became more gradual, possibly reducing stress on the
upper extremity and reducing the risk of repetitive strain [38],
[39].

Finally, participants learned to reduce the amount of negative
work during the coupling and decoupling of the hand to the rim.
Thus, in combination with the reduced frequency, the amount of
(de)couplings reduced in both number and magnitude, leading
to less negative work done by the participants. Because the neg-
ative work did not have to be compensated with positive work
in total less work needs to be done to maintain the same power
output.

For a number of propulsion technique variables the co-
efficient of variation reduced. In our view the reduction of
variability in the positive work per push is the most important
one since it combines others variables like contact angle and
mean and peak forces, of which the coefficient of variation also
reduced. The reduced variability between cycles might reflect
motor learning, leading to less error within cycles (matching
the speed of the treadmill) and possibly less error between left-
and right-hand push differences (compensations for directional
change).

The above-described changes in propulsion technique theo-
retically imply a reduction in the energy cost of the user. Using
multi-level modeling this relationship was further explored
to see which technique changes related most to mechanical
efficiency. Both multi-level models indeed showed a relation
between propulsion technique and mechanical efficiency. Al-
though this relation was assumed in earlier studies [16]-[23]
the current model results make a further step in understanding
the relation between the components of skill of execution and
energy cost. In light of the variability in personal characteristics
and the fact that the wheelchair was not adapted to the indi-
vidual anthropometry of each participant the explained variance
of 47% by propulsion technique in mechanical efficiency is

a meaningful result. The propulsion technique variables that
together related significantly to mechanical efficiency were the
percentage negative work per cycle and contact angle. Reduced
losses because of negative work and a larger contact angle
relate to a higher mechanical efficiency as was expected.

For the delta scores the change in propulsion technique pre-
dicted 35% of the observed change in mechanical efficiency.
Besides the variables percentage negative work per cycle and
contact angle, the push frequency and the net work per cycle
also contributed to mechanical efficiency. The percentage neg-
ative work per cycle and contact angle changed in the same di-
rection as the previous model. The direction of frequency on
the other hand is counterintuitive because here also an increase
is predicted to contribute positively to mechanical efficiency.
However the other changes should already have led to a reduc-
tion in frequency, which makes this outcome harder to interpret.
Finally an increase in the net work per cycle increases the me-
chanical efficiency as expected. The change in both models was
nearly identical, and therefore we conclude that the relation-
ship between propulsion technique and mechanical efficiency
was mainly based on the within-participant variance instead of
between-participant variance. This implicates that persons who
are able to improve their propulsion technique can expect an im-
provement in their mechanical efficiency.

To identify different types of learners two groups were
formed on the basis of change in mechanical efficiency
(> 10%) between T1 and T3, and compared on their me-
chanical efficiency and propulsion technique over all prac-
tice-blocks. The improvers, with about 2/3 of the participants
started with a lower mechanical efficiency and a less optimal
propulsion technique then the nonimprovers. Possibly the
improving group still had more room to increase in proficiency
of the propulsion skill, while the more proficient group at the
start, i.e., the low-learning group was already closer to their
optimum [40]. Whether the low-increase group learned faster
and already had adapted in the fourth minute, or that they
had this higher mechanical efficiency from the start cannot be
concluded from the present study. How individual differences
impact motor learning of a cyclic task like wheelchair propul-
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sion is an important topic for future research so rehabilitation
programs can be better tailored to the needs of novice individual
wheelchair-users.

Although the clinical relevance lies with people in a wheel-
chair during early rehabilitation, it was thought necessary to
use able-bodied participants to get a better view on technique
changes in this early stage of learning a new task, since the re-
sults are not confounded by the heterogeneity of wheelchair-
users like lesion level or comorbidities after trauma. The cur-
rent study shows that a better propulsion technique relates to
energy cost, which is an important factor in daily life for those
with a limited physical capacity [24]. However, the relatively
young age of our participants might make inferences for wheel-
chair-users harder. Furthermore 12 min at a fixed speed of 4
km/h at 0.20 W/kg might be too high a load to be a feasible
practice method during early rehabilitation especially for those
with a tetraplegia [41].

Since only male participants were recruited, we do not know
whether the found changes in mechanical efficiency and propul-
sion technique would be of the same order and magnitude in
female participants. We expect similar trends in female partic-
ipants, yet at relative different levels of timing and kinetics as
well as metabolic cost. Overall the motor learning differences
found in our relatively homogeneous group of male participants
only further stresses the need for more individualized assess-
ment of motor learning, where female participants should also
be studied.

Altogether, over the course of 12 min of wheelchair propul-
sion participants learned a more favorable push strategy. It is
an important finding that participants, without getting any spe-
cific feedback or modified training program already find a more
optimal wheelchair propulsion technique during the initial min-
utes of practice. This further supports the view of Sparrow and
Newell that the human system is continuously in search of the
most energy efficient solution within the constraints of the task
[11]. The observed transition to a longer-slower movement pat-
tern found in other cyclical motions is also observed as a con-
sequence of motor learning in hand rim wheelchair propulsion
over this short practice period. Future research should take these
early learning adaptations into account when evaluating dif-
ferent interventions on motor learning over longer timescales.

V. CONCLUSION

Over the first 12 min of practice naive able-bodied partici-
pants increased their mechanical efficiency and changed their
propulsion technique. The propulsion technique of the partici-
pants changed from a high frequency mode with a lot of nega-
tive work to a longer-slower movement pattern with less power
loss. This change in propulsion technique related to an increased
mechanical efficiency of the participants and thus a lower phys-
ical strain. These findings link propulsion technique to mechan-
ical efficiency supporting the importance of a correct propul-
sion technique for wheelchair users. Furthermore differences in
baseline efficiency and propulsion technique were shown to af-
fect the motor learning process. Individual motor learning dif-
ferences are important to take into account for rehabilitation
programs.
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