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ABSTRACT

Background. Analyzing force characteristics generated during rowing is a crucial
determinant of success among elite rowers. Objectives. This study analyzed the
synchronization of force in the performance of elite Men's Lightweight Coxless
Four (LM4-) athletes in Indonesia. Methods. A descriptive and quantitative
method was adopted, engaging four male rowing athletes from the Indonesian
national team with an average age, height, and weight of 22 + 1 years, 180 + 2.5
cm, and 70 + 0.5 kg, respectively. Furthermore, mean and standard deviation were
calculated as initial data for further analysis on the normality (Chi-square method),
homogeneity (Levene's test method), and bivariate correlation test with sig <0.01.
The PowerLine instrumentation system introduced by Peachinnovation was
synchronized with 3 Panasonic Handycam HC-V100 Full HD cameras for video
recording purposes. Results. The results showed that the p-value of the catch angle
against the effective angle is 0.566, and the p-value of the finish angle against the
finish angle is -0.761, indicating the presence of variations in the magnitude of
force generated by four rowers with the same force graph shape. The study offered
a thorough scientific examination of oarlock force concerning the angle and timing
of rowing in the boat. This clarification enhanced the understanding of previous
examinations on the force's effectiveness concerning rowing angle and time. A total
of 4 observed rowers were synchronized, and the results showed variations in force
magnitudes concerning time and angle while the graph shape remained constant.
Conclusion. The rowing method of the four athletes was harmonious, but the
collective effectiveness was not uniform.

INTRODUCTION

Rowing is a highly intricate sport where on-
water performance depends on technical
proficiency and physiological work capacity (1-3).
Among the technical aspects, the concepts of oar
angle and the application of force are of particular
significance and are fundamental contributors to

propulsive work (4, 5). In this context, the oar
plays a crucial role in effectively transmitting the
force generated by the rower to the blade (6),
thereby influencing the entire rowing mechanism.
This dynamic interaction between the rower's
movements, dictated by joint moments, and the oar
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handle is further shaped by the frictional force
between the blade and water (7).

Rowing strokes follow a cyclical pattern,
comprising the drive (propulsive) and recovery
(non-propulsive) phases. Based on observations,
variations in boat velocity occur during each
stroke. In a study conducted by (8), maximum
velocity is achieved at the start of the recovery
phase, while the minimum was registered during
the catch phase. These fluctuations are
fundamentally a consequence of the interplay of
pushing and pulling forces operating within the
entire boat system, which includes rower, boat, and
oar, as elucidated by (9). According to previous
studies, rowing strength is the singular source of
propulsion, playing a significant role in overall
performance (7). Consequently, the importance of
rowing strength lies in analyzing the coordination
to shape the force profile, as it constitutes a
performance element that is challenging to attain
solely through physical improvements (10, 11).

Previous studies have established that
collecting force data on rowing boats is important
due to the acknowledged disparities between force
profiles on water and ergometers (12). The
integration of contemporary boat instrumentation
systems (13), such as PowerLine, combined with
synchronized video data, facilitates the
comprehensive analysis of the force profile on
water (14). Following the results of previous
examinations, this method effectively served the
purpose of presenting the critical attributes of an
effective force profile. Studies on rowing
performance using the force analysis approach in
Indonesia remain limited. The country is trying to
improve rower performance through a high-tech
digital tool approach. Therefore, this study aimed
to investigate the synchronization of force in the
performance of Indonesia's Men's Lightweight
Coxless Four (LM4-) rowing team. The results are
intended to contribute valuable insight and foster
innovation in the force analysis of rowing teams in
developing countries such as Indonesia.

MATERIALS AND METHODS

Method. A descriptive and quantitative method
was adopted to systematically and accurately
describe facts about specific symptoms that are the
center of attention.

Participants. The sample used included four
male rowing athletes from the Indonesian National
Team, with an average age, height, and weight of 22
+ 1 years, 180 + 25 c¢cm, and 70 = 0.5 Kg,

respectively. Purposive sampling was used to
ensure that participants met the specific study
criteria. All participants provided written consent
and were confirmed not injured. Before the test,
technical explanations related to the implementation
procedures were provided comprehensively. These
athletes specialized in Men's Lightweight Coxless
Four (LM4-) and had achieved a third-place finish
at the 2017 World Rowing Championship U-23,
held in Plovdiv, Bulgaria. Only male athletes with
expertise in swift boat events were included in the
study.

Instrument. The study used the PowerLine
instrumentation system introduced by
Peachinnovation (14), synchronized with 3
Panasonic Handycam HC-V100 Full HD cameras
for video recording purposes. A total of 4 powerline
sensors were installed on each rower's oarlock.

Statistical Analysis. Statistical analysis was
conducted using SPSS version 22.0 application
software (SPSS Inc., Chicago, IL). Furthermore,
mean and standard deviation were calculated as
initial data for further analysis on the normality
(Chi-square method), homogeneity (Levene's test
method), and bivariate correlation test with sig
<0.01.

Data Analysis. The PowerLine system
incorporated various sensors for measuring force,
angle, boat velocity, and boat acceleration during
rowing activities. The parameters under analysis
included catch angle, finish angle, effective angle,
and the average oarlock force over % time and
angle. Figure 1 shows a detailed explanation of
force calculations performed using the PowerLine
device.

The variables are measured using a powerline
tool installed on the boat's oarlock at an angle that
produces the force (F gate and F gate-ax) shown in
Figure 1.

Procedure. A single team participating in the
Men's Lightweight Coxless Four (LM4-) category
was equipped with the PowerLine™ system to
record pin force and oar angle data at a rate of 50
Hz for calibration on the powerline. Furthermore,
athletes were instructed to complete a warm-up on
rowing a boat covering approximately 4
kilometers, incorporating a minimum of 20
familiarization strokes at the intended race rate.
During this warm-up phase, adjustments were
made to the horizontal foot-stretcher position to
achieve seat catch angles of 70 £ 1 degrees, and the
data were relayed to a laptop in the coach boat for
calibration on the powerline. Subsequently,
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athletes were directed to execute 20 strokes on
rowing a boat, each being performed at a different
rate of stroke/minute (R20, R24, R28, R32). A 10-

minute rest interval was separated for each trial to
minimize  fatigue and ensure  consistent
performance.

Lm-u Lcul-;x l

Figure 1. Schematics of force measurement in rowing (15).

RESULTS

Table 1 shows the average of the catch and
finish  angles, standard deviation, and
significance value, defining effective rowing
angles during paddling. These measurements
were collected from each athlete across five
different stroke speeds/minute (R20, R24, R28,
R32, and Rmax).

The p-value of the finish angle is -0.761,
which explains that the larger the degree, the less
effective it is during paddling. The p-value of the
catch angle is 0.566, which shows that the bigger
the ideal angle (Table 2), the better the effective
angle during paddling.

Each crew consisted of rowers with diverse body
types, physical capabilities, strengths, and rowing
methods, which gave rise to distinctive movement
patterns and disparities in force profile. This diversity
presents the critical need for a deeper comprehension
of the propulsion mechanisms specific to various
boat classes and the integration of efficacious force
profiles. In this context, using the oarlock force
average-angle curve has proved to be a valuable tool
for comparing different stroke rates, offering a visual
representation of the work accomplished per stroke,
as emphasized by a previous study (16). Figure 2
shows the four athletes' average force generated with
respect to the rowing angle.

Table 1. Catch Angle, Finish Angle, and Effective Angle when paddling.

Mean + SD P-Value
Catch angle (°) 52.63 £2.82 0.566**
Finish Angle () 35.05+0.99 -0.761**
Effective angle (°) 72.09 +3.50 1
**: Significant at P<0.01
Table 2. Rower stroke's oar angle.
S . Measurement Difference
Criteria Unit Target 1 > 3 7 1 5 3 7
Net Drive Time sec 0.67 0.60 0.68 0.61 059 -0.07 +0.01 -0.06 -0.08
Catch Angle deg -52 -509 -563 -519 514 -1.1 +4.3 -0.1 -0.6
Finish Angle deg 34.0 34.7 33.9 35.6 36.1 +0.7 -0.1 +1.6 +2.1
Total Angle deg 86.0 85.6 90.2 87.6 87.5 -4.5 +0.1 -2.5 -2.6
Catch Slip deg 9.0 5.90 4.00 4.00 5.30 -7.2 -9.1 -9.1 -7.8

Finish Slip deg 9.0 8.80 9.10 12.3 13.1 -5.5 -5.2 -2 -1.2




Nurjaya et al., 2025.

The "front-loaded™ design, shown in Figure 2,
situated the peak force ahead of the perpendicular
position of the oarlock, leading to a significant,
consistent power curve. This design diminished
fluctuations in boat velocity and enhanced
comprehensive efficiency. It is important to
acknowledge that the concept has been supported
by previous studies (15, 16). Analysis of the force
profile produced showed that rower no.l,
represented by the blue curve, achieved the most
efficient performance, as the stroke peak
corresponded with the perpendicular position of
the blade. Meanwhile, no.3 and no.4 had
relatively minor peak forces compared to no.l.
Rower no.2, represented by the red curve, showed
an inefficient stroke profile, signifying that the
peak force occurred correctly before the blade
reached the perpendicular position. This
discrepancy in the position of the peak force in the
stroke may be attributed to the greater reliance on
lifting force to initiate the motion, a more efficient
method of propelling the boat than lifting over a
stalled blade (16). Previous studies have

recommended the adjustment of the body
positions in order to commensurate force output
with the strength of specific body segments (17)
and reduce the strain on the arms (18) to address
these inefficiencies in rowing methods.

Following the front-loaded design, additional
data comprised the oarlock force average - %
time, as shown in Figure 3. This profile represents
force concerning temporal scales, with time
presented on the y-axis (19) or as a percentage of
time after tempo normalization (9). Therefore,
these graphical representations may be denoted as
force-time or percentage-force profiles.

Figure 3 shows the temporal evolution of force
during both the drive and recovery phases. Rower
no.l, represented by the blue line on the graph,
had the highest peak force and a significantly
large impulse area. However, the others generated
smaller peak forces, with no.2 experiencing a
significant decline during the drive phase. It is
important to acknowledge that all rowers
produced identical force profiles at the recovery
phase, showing a commendable synchronization.

Qarlock force average - angle
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Figure 2. Oarlock force average — angle at coxless four.
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Figure 3. Relative Force over Time.
DISCUSSION monitoring training intensity, served as an

The variances observed in the oarlock force
profile were attributed to the differences between
the angles generated by rowers during strokes, as
detailed in Table 2. The force-time profile served
as a valuable tool for observing crucial temporal
parameters associated with force production,
including stroke rate and the ratio of time
allocated to the propulsive phase relative to the
recovery phase (11). This profile also enables the
assessment of disparities in the magnitude of
force application and the time required to attain
the maximum level. Additionally, the force-time
function aids in examining the impulse generated
by rowers during each stroke cycle. Following
this, the strength-time graph, a potential tool for

exercise load indicator (20). Using the percentage
force profile further enhanced the analysis by
correlating force application with the stroke
profile, enabling the coordination of key events
within the stroke cycle. As a result, this
correspondence  permits  the  qualitative
observation and comparison of force application
characteristics related to magnitude during the
primary phases of the stroke cycle.

The red line in Table 2 signifies values that
require improvement to meet the predefined target.
Meanwhile, the blue values show that the targets
have already been achieved. Further information
on the angle calculation system and the targets of
rowers is provided in Figure 4.
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Figure 4. Vertical Oar Angle. a) reference system of the vertical oar angle; b) criteria of the trajectory of the blade's

center (21).
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For practical purposes, it was assumed that
the oar's vertical angle (0) was set to zero at
water level, precisely in the middle of the blade.
Furthermore, the position of the oar was
designated above and below the water surface in
the positive and negative  directions,
respectively. The reference system used for
measuring the vertical angle is shown in Figure
4. In this context, B, which represents the angle
between the oar at 0 degrees and the horizontal
plane, was contingent on the outboard length and
the height (OH) of the gate above the water level.
This height fell within the range of 22 to 26 cm,
leading to common angle values of 9° to 10° in
sculling and 6° to 7° in rowing. Several factors
(22-24), such as the weight suspension of the
rower during the drive and variations in the roll
and pitch of the hull, have been observed to
influence the height of the gate above the water.
The variation can modify the vertical oar angle
in sculling and rowing by up to 1.7° and 1.2°,
respectively, with an amplitude of up to 5 cm
during the stroke cycle. This flaw can be
addressed by measuring the hull's pitch, roll, or
three-dimensional acceleration.

The trajectory of the blade concerning the
water level was plotted using the reference
system described in Figure 4. In the recovery
phase, the stroke cycle was discovered to start at
point A, where the oar was perpendicular to the
boat in the horizontal plane. At this stage, 0
measures 2.4° £ 0.8° (mean + SD) and remained
consistent for both rowing and sculling.
Subsequently, the blade was raised to facilitate
squaring, and 0 reached the maximum at point B,
achieving 4.9° + 1.2° in sculling and 4.1° £ 1.2°
in rowing. It is also important to acknowledge
that the blade initiated a descent, moving
approximately 2° to 4° horizontally toward the
bow direction before altering the course at point
C. The catch angle, which was discovered at this
location, corresponded to the horizontal oar
angle, with the bottom edge of the blade nearly
at a +3° water level. The following are ways to
define catch slips:

1. The first definition occurred between catch
points C and D, where the blade's center
intersected the water surface. At this juncture,
the boat-rower system can start a forward
movement as the depth of the blade in the water
becomes sufficient to generate propulsive power
that surpasses drag.

2. The second definition occurred between
catch points C and E, where the entire blade was
fully submerged, offering complete propulsive
force. In this context, the angle may vary
depending on the outboard and blade width. For
practical purposes, the criterion at 3° was
established in this study, ensuring that all
dimensions adequately covered the blade.

At point F, the blade attained minimum 6,
corresponding to the maximum depth in the
water. This angle measures 7.2° + 1.3° in
sculling and -5.7° = 1.2° in rowing. Following
catch slips, another set of components to observe
in this study are the release slips, which can be
delineated by either starting from point G at -3 °
0 or H at 0° 6, with both ending at point | (the
finishing angle).

CONCLUSION

In conclusion, this study offered a
comprehensive scientific examination of oarlock
force concerning angle and time during rowing
in a boat. The results provided a further
understanding of the force's effectiveness,
explicitly concerning angle and time during
rowing, building upon previous studies. The
synchronized rowing strokes of 4 observed
rowers in Men's Lightweight Coxless Four
(LM4-) led to wvariations in force graph
magnitudes concerning time and angle, while the
entire graph shape remained consistent. This
observation showed that the rowing method of
athletes was harmonious, but the collective
effectiveness was not uniform. The scope of this
study was limited to the number of light-class
sweep competitions for male rowers. Therefore,
further investigations should explore other boat
numbers, such as sculling or another gender in
rowing sports.

APPLICABLE REMARKS

e Analyzing rowing methods, focusing on
force efficiency and effectiveness in elite
athletes, is essential.

e Providing technical skills to athletes through
training Exercises that support the efficacy of
biomechanical principles.

e The results of this study should be provided
to the relevant Federations and the Olympic
Committee.
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