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Abstract A measure of stroke smoothness (SS) has been
presented previously to indicate the degree to which rowers
produce an “ideal” handle force profile that of the positive
half of a sine wave [2]. This study aimed to determine the
influence of fatigue on SS. Ten male rowers completed a
maximal intensity trial. Fast Fourier transform methods were
used to calculate SS which was given by the amplitude of the
fundamental frequency as a percentage of the sum of the first
ten peaks. Visual inspection of the data showed indications
of a reduction in movement coordination as a function of
fatigue. However, SS did not change significantly between
the first, middle and last ten strokes (p = 0.205), despite a
21% reduction in mean power between the start and end of
the trial. The results suggested that although the shape of the
force profile can qualitatively indicate a reduction in
movement coordination, the smoothness of the force profiles
remains similar with fatigue.

Keywords Fourier analysis - Biomechanics - Sport -
Kinetics - Rowing - Fatigue
1 Introduction

The application of force by the rower to the oar handle is of
great importance for the maintenance of a high mean boat
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velocity, which has been suggested to be a key determinant
of race time [1]. Smith and Spinks [2] suggested that the
theoretically ideal pattern of force exerted at the handle
should follow the positive half of a sine wave in order to
ensure efficient production of propulsive force. Most
rowers show force—time curves which deviate from this
ideal profile, however, and these deviations have been
attributed in the literature to poor sequencing and coordi-
nation between the major muscle groups used during the
drive phase, resulting in a non-smooth transition between
leg, trunk and arm movements [2-6]. It has also been
attributed to muscle fatigability [7].

Smith and Spinks [2] attempted to quantitatively assess
the fundamental frequency characteristics of this force—
time curve, determining the “smoothness” of the stroke
during the drive phase using a numerical method. The less
smooth a force profile at the handle, the further the devi-
ation away from the ideal curve, and the lower the calcu-
lated smoothness of the stroke. Mean stroke smoothness
was determined for the entire duration of a 6 min rowing
ergometer trial. However, this ignored any effects of fati-
gue, which have been suggested to influence the coordi-
nation of body segments [8], thus affecting performance.

The purpose of the present study was to determine the
influence of fatigue on stroke smoothness in ergometer
rowing, and to examine whether this biomechanical mea-
sure is sufficiently sensitive to within-subject technique
changes due to fatigue.

2 Methods

Ten male university level rowers participated in the study,

having a mean age, height and mass of 20.6 (+1.6) years,

1.82 (£0.06) m and 80 (£8.7) kg, respectively. Subjects
-
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gave written informed consent, and ethical approval was
granted by the local ethics subcommittee. Subjects had 2.3
(£1.8) years experience at competitive rowing and were a
combination of lightweights and heavyweights.

After a suitable warm-up, subjects performed a 3 min
30 s maximal intensity trial at a stroke rate of 30 stro-
kes min~—' on a Concept 2 rowing ergometer (model C)
with the flywheel resistance set to 4 (drag factor =
1.25 x 107* N m s?). Handle force was measured using a
5,000 N load cell (F256, Novatech Measurements Ltd.,
UK) connected in series with the ergometer chain. The load
cell had a stated linearity and hysteresis both of 0.05%.
Data were sampled at 50 Hz by an analogue—digital card
(KPCI-3101, Keithley Instruments, USA) and stored in a
computer for later analysis. Handle velocity, which was
also sampled at 50 Hz, was calculated by measuring the
rotational velocity of the chain sprocket axle (diameter
2.83 cm) of the ergometer by a DC tachometer (263-6005,
RS Components, UK) to a resolution of 0.07%. The handle
velocity was positive during the drive phase and negative
during the recovery phase. The catch and finish were thus
defined as the points at which handle velocity changed
sign.

Stroke smoothness was calculated using a fast Fourier
transform (FFT) analysis of the force data. Before applying
the fast FFT, following the method of Smith and Spinks
[2], the raw force data were time-normalised to 32 data
points for the drive phase of each stroke, using a cubic
spline interpolation. One full cycle of the data for the
analysis was recalculated by taking the first 16 data points
and adding its mirror image in front of the catch, and taking
the second 16 data points and adding its mirror image to the
end of the drive phase. This provided a total of 64 data
points for one full cycle to which the FFT was applied. The
stroke smoothness of each stroke was then defined as the
amplitude of the fundamental frequency peak of the fre-
quency power spectrum as a percentage of the total sum of
the amplitudes of the first ten frequency peaks.

Smith and Spinks [2] presented their force profiles,
being determined with respect to the oar shaft angular
displacement and compared to handle linear displacement
in ergometer rowing. However, the use of time-normalised
force profiles when determining stroke smoothness negates
the influence of handle position during the stroke and the
inherent differences between the two rowing forms.

Each trial contained approximately 105 strokes. The first
five strokes were discarded as they were assumed to be the
period in which the flywheel acceleration took place. Three
analysis periods were then extracted: the first ten strokes,
the middle ten strokes and the last ten strokes. A one-way
analysis of variance with repeated measures, post hoc
Tukey, was used to determine if there was a significant
interaction between analysis periods for both mean power
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and stroke smoothness for all subjects. A 95% confidence
level was used throughout.

3 Results

Average power per stroke during the first and last 10-stroke
periods indicated that fatigue led to a significant reduction
in power output over the trial period (F,.¢7; = 86.167,
p < 0.05), as shown by a 21% reduction between these two
periods, from 710 (£11) to 564 (£8) W.

Example force data are shown in Fig. 1 comparing an
un-fatigued stroke to a fatigued stroke for a representative
rower. Visual inspection of the data revealed that the shape
of the force profiles differed, accompanied by a lower peak
force in the fatigued stroke.

Figure 2 shows example FFT outputs for two partici-
pants: one with the highest stroke smoothness and the other
with the lowest stroke smoothness. For each participant a
fresh and a fatigued stroke FFT are shown. Although stroke
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Fig. 1 Example fresh (solid line) and fatigued (dashed line) force—
time curves for a representative subject. The theoretically ideal force
time profile (positive half of a sine wave) is also shown for the fresh
stroke (dash dotted line)
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Fig. 2 Example FFT outputs are shown for a fresh (solid line) and

fatigued (dashed line) stroke for (a) a participant with higher stroke
smoothness and (b) a participant with lower stroke smoothness
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Fig. 3 Mean (£SD) stroke smoothness is shown for all subjects in
each of the three analysis periods

smoothness ranged as much as 18% between participants,
no significant differences were observed between the three
10-stroke periods (F, 267 = 1.592, p = 0.205, Fig. 3). The
differences between stroke periods resulted in trivial effect
sizes between the start and middle periods (ES = 0.08),
and the start and end periods (ES = 0.18). A small effect
size (ES = 0.26) was found between the middle and end
stroke periods.

4 Discussion

The purpose of this investigation was to determine the
influence of fatigue on stroke smoothness in ergometer
rowing, and to determine whether this measure is suffi-
ciently sensitive to expose any within-subject variability
between strokes due to a reduction in body segment
coordination through the drive phase of the rowing stroke.

Visual observation of the force profiles as shown in
Fig. 1 suggested that the force profile deviated away from
the ideal profile with fatigue. These changes in the shape of
this curve have previously been attributed to poor syn-
chronisation of body segments [8]. However, stroke
smoothness was shown not to differentiate between fresh
and fatigued force profiles, and hence was not sensitive to
within-subject variability in the force profile shape between
strokes seen as a result of fatigue. No significant differ-
ences in stroke smoothness were observed between any of
the analysis periods.

Wing and Woodburn [9] suggested that rowers main-
tained the shape of their force-time curve with fatigue
despite a reduction in peak force. Although visual obser-
vation of the differences seen between fresh and fatigued
force profiles in the present study highlighted clear dif-
ferences due to fatigue, the lack of significant change in
stroke smoothness appears to support the suggestions of

Wing and Woodburn [9], that the force profile frequency
characteristics remained unchanged. It appears that
although qualitative assessment of the shape of the force
profiles suggested that they changed with fatigue, as
illustrated in Fig. 1, the fundamental frequency character-
istics of the force profile were not altered, resulting in the
non-significant differences in stroke smoothness seen here.

5 Conclusion

In conclusion, it has been demonstrated that although stroke
smoothness has been shown previously to discriminate
between rowers of different abilities [2], it is unable to detect
within-subject variability induced by fatigue. The lack of
significant difference in stroke smoothness with fatigue also
supported the notion that the fundamental frequency char-
acteristics of the force profile is not significantly changed by
fatigue, but simply that the force is reduced in magnitude.
Further research is warranted to determine an appropriate
method of quantitatively assessing changes to the force
profile with fatigue in order to allow coaches to differentiate
between rowers who are able to maintain posture with fati-
gue and those whose posture deteriorates.
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