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ABSTRACT

Quantifying rowing performance can facilitate control of training load or
assessment of skill level. Accordingly, the FlexOmega system was developed,
which records the bending moment of the oar. This work aimed to validate
this new instrumentation during a dynamic load case. Two force profiles were
first derived from bending moments acquired during on-water rowing (one at
race pace, one at training pace). These force profiles were then used to
repeatedly load the instrumented oar on a newly developed test bench. To
ultimately elaborate how precision and accuracy determined on the test
bench affects everyday training, i.e., whether practitioners can reasonably
use the FlexOmega system, the measurement variability observed on the test
bench was related to the measurement variability seen for on-water mea-
surements.

On the test bench (featuring a mean precision of 99% and mean accuracy of
95%), a mean error of 3 Nm (mean precision: 98%, mean accuracy: 97%) was
determined for the FlexOmega system for the force profile A characterised by
bending moments of up to 300 Nm (racing simulated, 37 strokes per minute).
For the force profile B with lower stroke rate and less force (21 strokes per
minute, up to 150 Nm), the mean error was 2 Nm (mean precision: 98%, mean
accuracy: 97%).

The measurement variability observed on the test bench was on average for
the two force profiles 30% (profile A) and 15% (profile B) of the measurement
variability that occurred during on-water rowing. We conclude that improving
the measurement characteristics of the instrumentation would hardly result
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in any practical benefit as on-water measurements seem mainly to be influ-

enced by the rower’s skill level and environmental condition. Thus, the Flex-

Omega system can be used to control training intensity or to evaluate rowing
performance. In addition, the presented approach for elaborating measure-
ment characteristics could contribute to.
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Introduction

As simple as the goal of a rowing competition may
seem - to row 2,000 m in the shortest possible time
- the underlying human movement execution is com-
plex: different muscle groups distributed over the
entire body must be coordinated and adjusted to the
movement of the boat (and to the teammates, if any).
As rowing has always been a discipline of the modern
Olympic Games, rowing techniques and training mea-
sures have been extensively explored and summarised
in various books that appeal to laymen and experts
alike (e.g., Altenburg et al., 2008; Kleshnev, 2020;
Nolte, 2011).

Theoretical knowledge about a supposedly ideal
movement execution forms a basis for high perfor-
mance. However, for purposive training it is important
to assess the movement execution to evaluate the suc-
cess of training measures or to adapt the training.
Hereby, a key area for performance assessment is the
force application at the oar (Warmenhoven et al,
2018). Coaches can indirectly assess the quality of the
rower’s overall applied forces based on their experi-
ence, for instance by observing boat or water behav-
iour. In addition, various instrumentations have been
used to quantify the force transmission per oar. Mea-

surements with such instrumentations have revealed,
for example, that rowers adapt their force application
to their teammates (Baudouin & Hawkins, 2004). If,
in addition, these instrumentations provide the rowers
with immediate information on their applied forces,
rowers are better able to adhere to the intended train-
ing intensity than if they only rely on their own per-
ception or on feedback from coaches (Lintmeijer et al.,
2019).

In recent decades, rowing-specific performance analy-
sis using a rowing ergometer has been established
(T. B. Smith & Hopkins, 2012; Soper & Hume, 2004).
Accordingly, various studies have reported on the reli-
ability and validity of measurements with rowing
ergometers (recently summarised by Held et al., 2022).
However, despite the benefits of standardised analyses
of individual rowers in the absence of environmental
conditions, rowing ergometers do not adequately rep-
resent on-water rowing skills (T. B. Smith & Hopkins,
2012). For on-water measurements of rowing kinetic
variables, various research groups have therefore
instrumented the foot-stretcher (e.g., Baca et al., 2006;
Krumm et al., 2010), the oar shaft (e.g., Castro et al.,
2022; Hill, 2002; Wing & Woodburn, 1995), the handle
(e.g., Hohmuth et al., 2023), the pin (e.g., Roth et al,,
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1993; R. M. Smith & Loschner, 2002), or the oar blade
(Elliott et al., 2002; Fuss et al., 2016).

Most of these instrumentations are ad hoc systems
intended for data collection in the context of a scien-
tific study or were used to prepare for major compe-
titions. The installation of the sensors was time-con-
suming and required professional support (T. B. Smith
& Hopkins, 2012). For these reasons, a professional
performance analysis, such as that offered by BioRow
(www.biorow.com), is hardly conceivable for regular
assessments. Commercial devices aim at regular
assessments, promising easy handling and precise
monitoring of applied forces or power per oar. The
oarlock-based Peach PowerLine devices (Peach Inno-
vations, Cambridge, United Kingdom) is used by many
rowing coaches and national rowing associations
(Laschowski & Nolte, 2016). Another oarlock-based
solution is the EmPower device (Nielsen-Kellerman,
Boothwyn, PA, United States) whose design is based
on a development by the founder of BioRow, Valery
Kleshnev. In principle, these systems are very practical
to control the intensity of the training or to carry out
a rowing-specific performance diagnosis (Coker, 2010).
However, oarlock-based instrumentations may not
match the angle of the pitched bushing a rower is
familiar with. In addition, oarlock-based instrumen-
tations must cope with forces originating from the
weight of the oar and forces acting parallel to the oar
shaft. These parallel forces might be small when the
oar is pushed outward a little bit to keep the oar in the
gate. However, parallel forces can also be quite signif-
icant when athletes lean on the rigger in sweep row-
ing. These potential disadvantages of oarlock-based
systems do not occur with instrumentation that mea-
sures bending moments directly at the oar shaft. The
commercially available OarPowerMeter (Weba Sport
und med. Artikel GmbH, Wien, Austria) is such an oar
shaft-based instrumentation, which is mounted on the
oar. The recently developed FlexOmega system (MAM
GmbH, Kriens, Switzerland) also directly measures the
bending moment (Mandanis & Mandanis, 2018). In
the long run, the commercialisation of the FlexOmega
system is targeted. Like existing products, FlexOmega

allows the rowers themselves to monitor rowing
strokes on water and allows detailed analysis of the
recorded strokes to facilitate improving stroke/rowing
technique. So far, the FlexOmega system has been vali-
dated in a static setup, but never assessed for an actual
use case. Therefore, the aim of this work was to vali-
date this new instrumentation with regard to the bend-
ing moment during a dynamic load case representing
on-water rowing.

Ideally, a simultaneous measurement of the intended
use case with an established measurement system is
aimed at for a validation of a new measurement sys-
tem. Such an established system was not available to
the authors at the time of the work. It would also
have been unclear which commercially available sys-
tem should optimally have been chosen, as the mea-
suring devices have so far been tested mainly statically
(e.g., Laschowski & Nolte, 2016) or dynamically but
unrelated to a real load case (e.g., Coker et al., 2009) or
in comparison to a rowing ergometer resulting in con-
current validity (e.g., Holt et al., 2021). It was there-
fore decided to develop a new test bench that would
allow the dynamic loading of the rowing oar based on
a moment profile representing a typical rowing stroke
during on-water rowing.

Next to estimating the measurement accuracy of the
FlexOmega system on the newly developed test bench,
this work aimed to relate the measurement accuracy
found to an application of the instrumentation on the
water, for example to assess the effect of a training
intervention. Since we were not aware of any data on
minimal meaningful differences of bending moments
to which we could have referred the measurement
accuracy we determined, we made the following con-
sideration: If the overall variability during on-water
rowing, given by the sum of the variability originating
from the human movement execution, environmental
factors and sensor characteristics, is by far larger than
the measurement variability observed in the labora-
tory (sum of variability resulting from sensor charac-
teristics and the test bench), it would be reasonable
to argue that the accuracy of the FlexOmega system
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should not have a significant impact on a common per-
formance analysis of bending moments in rowing.

Overall, this paper presents a new approach to esti-
mating the measurement accuracy of instrumented
oars in a dynamic load case to an extent not available
so far. The approach was applied to a newly developed
instrumented oar monitoring bending forces and the
estimated measurement accuracy was related to a
real-life application. Our approach contributes to a
better assessment of existing or future oar instrumen-
tation regarding their practicability for training control
or performance analysis.

Materials and Methods

FlexOmega system

The FlexOmega system was developed to determine
the bending moment in an oar during a stroke to sub-
sequently derive the applied rowing power in combi-
nation with the rotational speed of the oar (Mandanis
& Mandanis, 2018). An instrumented sleeve replaced
a part of the shaft on the inner side of the oar next
to the collar (see Figure 1). The sleeve was inserted
into the shaft by first removing a shaft segment of the
same length as the sleeve and then gluing the sleeve
in between. The adhesive connections ensured a direct
measurement of the bending moment through sensors
located inside of the sleeve. Thus, the instrumentation
is tied to a specific oar, which means that, for example,
bending moments with different blade shapes can-
not be investigated directly. Unlike other instrumenta-
tions, however, no further modification of the boat is
required, minimizing setup time.

The instrumented sleeve contained sensors to measure
the bending moment and rotational speed, and a data
processing unit. The instrumentation was protected by
Plexiglas whereby two O-rings sealed a gap between
protection and sleeve so that axial sliding of the pro-
tection socket was possible which minimised any
transmission of a bending moment onto the protec-
tion. To measure the bending moment, four strain
gauges were tightly bound on the tension and pressure

side of the sleeve, wired in a Watson Fullbridge, and
continuously balanced by the null method. The attach-
ment, temperature compensation and calibration of
the strain gauges were performed by RUAG AG
(Emmen, Switzerland) and DISA AG (Sarnen, Switzer-
land). The data processing unit, a custom-made
printed circuit board (PCB) developed in collaboration
with CSEM (Alpnach, Switzerland), contained a gyro-
scopic microelectromechanical system as well as a cir-
cuit responsible for the chronological synchronisation,
amplification, and digitization of the electrical signals
from the strain gauges and gyroscope.

The data processing software running on the PCB cal-
culated physical metrics such as bending moment and
rowing power from the electrical signals in real-time.
Via a Bluetooth antenna, mounted on the PCB, the
metrics were synchronously sent 50 times per second
to an external smartphone or laptop, where the data
was logged. The board was powered by a battery,
which could be recharged by plugging a standard
micro-USB phone charger into the waterproof socket.

On-water measurements

The on-water measurements were taken on Lake
Lucerne in accordance with the Declaration of Helsinki
(World Medical Association, 2013). The single scull
used for the experiment was a standard racing shell
that had previously been used by both participants
in training and racing. It was equipped with two oars
both incorporating the FlexOmega system and a
smartphone (iPhone 7, Apple Inc., United States) on
which the data was displayed and logged. The mea-
surements were carried out in good and stable rowing
conditions: light breeze and mild temperatures, no cur-
rent. Measurements were only taken when unaffected
by waves of passing motorboats.

One male rower (Rower A, aged 33, former world class
athlete) and one female rower (Rower B, aged 23,
national level athlete) were asked to row technically as
well as possible for about 60 seconds, including dis-
tributing the applied force evenly over the drive phase,
pushing first with the legs, then pulling with the back
and finally with the arms, rolling back smoothly during
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A) Placement of the instrumented sleeve

blade shaft

rechargeable battery

circuit board

Figure 1 The FlexOmega system.

about % of the stroke time, immersing oars without
splashing and not too early or too late. Rower A was
requested to row at race pace whereas Rower B had to
keep her stroke rate and force application at a medium
level like in technique training. The two rowers and the
task set for them were chosen to obtain, to a certain
extent, extremes of bending moments during tech-
nically best possible rowing. On the same day, both
rowers were also asked to row 13 pre-defined error
patterns for about 60 seconds each. The faulty row-
ing corresponded to different combinations of deliber-
ately ignoring aspects of technically best possible row-
ing. In this paper, only one error pattern will be refer-
enced briefly in the results. After rowing each pattern,
the rowers were asked to comment on their perfor-
mance. The different signals were then exported from
the smartphone to a CSV spreadsheet. From those,

MFO on—water

only the bending moment was further

analysed.

For each pattern, a total of 10 to 20 strokes could be
recorded. For Rower B, 13 strokes could be recorded in
the technique training pattern. To be consistent, only
the first 13 strokes of Rower A at race pace were con-
sidered in the subsequent data analysis.

plexiglas protection

strain gauges

O-rings

instrumented

collar  sleeve handle

‘ ring

B) Close-up views, indicating the different parts of the instrumented sleeve

micro USB socket

This study focused on the validation of the sensor
measurements during the drive phase. We defined this
phase as the period where M FOon—water aycaeded
20 Nm (Threshold was empirically derived from first
on-water sessions and represented a bending moment
that allowed reliable detection of the drive phase.).
Processing of the data started with reviewing the video
recordings to determine when relevant strokes of a
requested rowing pattern began. To ensure that the
boat no longer accelerated significantly on average,
five strokes at the beginning of each pattern were not
considered further. The remaining eight strokes were
linearly upsampled (from 50 Hz to 150 Hz) to accu-
rately find the period of the drive phase. The single
drive phases were then normalised in time by lin-
early downsampling the data points so that each drive
phase had the same number of data points
(ngp = 101) at the end.

Test bench for dynamic loading of an oar

In order to determine the measurement variability and
accuracy of the FlexOmega system independently from
environmental and human influences, a test bench was
developed. The test bench was constructed such that
it could apply a pre-defined and known setpoint bend-
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B)

FlexOmega system FO lab

)

load cell

g

spring

load cell
.

‘ pulley

F motor F spring

Figure 2 The test bench. (A) Entire setup except for motor which was mounted beneath. (B) Schematic of the

mechanical system.

ing moment M setpoint-FO_lab 5rq5nd the FlexOmega
system. The test bench consisted of an actual oarlock
mounted to a strut profile, in which the FlexOmega
oar was hinged. The oar was positioned horizontally
with respect to the ground. The blade was connected
with a rope to a strut profile. From one side, the grip
was connected with a rope, in which a micro load cell
(CZL635, Phidgets Inc., Canada) was integrated, via a
pulley to a synchronous servo motor (AKM53G-ACC-
NAAQO, Kollmorgen GmbH, Germany). From the other
side, the grip was connected in series with a rope,
a helical tension-spring (19/4/1, Durovis AG, Switzer-
land) and another load cell (K100, Lorenz Messtechnik
GmbH, Germany) to a strut profile (see Figure 2). The
additional spring provided a stabilising pre-tension to
the system, minimising undesired horizontal vibrations
and movements when net zero force was applied to
the grip. To reduce undesired vertical vibrations, the
oar was vertically supported by two ropes, one
attached to a strut profile and the other to the ground.
Before mounting, the two load cells were calibrated
using eleven known weights, ranging from 207 g to
47.5 kg.

The motor applied a predefined force profile F™etor
to the handle. The high-level torque controller (simple
proportional-integral controller) was implemented in
MATLAB Simulink (Mathworks Inc., United States) and
was deployed onto a target xPC (Mathworks Inc.,
United States) connecting to the low-level motor con-
troller (5700, Kollmorgen SA, Germany) via EtherCat
(Beckhoff Automation LLC, Germany). The force sensor
output pins were connected to the xPC over EtherCat
as well, allowing the conversion and processing of
raw sensor data to physical force values (F™°" and
F#Prin9) directly in the Simulink model and their log-
ging onto the target xPC. The controller was running
with a sampling frequency of 1,000 Hz at which also
the data logging took place.

Test bench measurements

Two different force profiles were applied by the motor
to the handle of the oar at a constant ambient tem-
perature (24.0° C = 2° (), each representing a stroke
of either Rower A or Rower B. Profile A was based on
one on-water recorded bending moment MProfile 4 of
Rower A (linearly upsampled to 1,000 Hz, resulting in
1,631 data points). Profile B was based on one on-
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water recorded bending moment MProfile B of Rower
B (also linearly upsampled to 1,000 Hz, resulting in
2,681 data points). The profiles were smoothed by a
moving average filter (with a window size of 150 for
Profile A and 300 for Profile B) to minimise irregular-
ities in the profile and thus reduce the complexity of
the motor controller. The setpoint force to be applied
to the handle by the motor was calculated using

Mprofile A/B

=sayp—p— O

F setpoint_motor

where [ = 0.676 m corresponds to the length between
the attachment point of the rope to the handle and the
FlexOmega system (see Figure 2). The scaling factor
s 4/B Was tuned to take into account the counteracting
spring force, the elasticity of the oar and the rope, and
control errors of the motor, such that

setpoint_FO lab FO on—water
M©EP ~ M, )

for some calibration strokes recorded by the Flex-
Omega system in the lab or on the lake respectively
(sa = 1.20 for Profile A and sp = 1.44 for Profile B).
The setpoint for the motor torque was then fixed to

T setpoint_motor __

Fsetpoint,motorr — SA/BMprofile A/B§7 (3)
where r corresponds to the radius of the motor shaft

to which the rope was radially attached.

Both profiles were repetitively applied to the oar. Dur-
ing the experiments, readings from the two load cells

Fmotor and EFSPTing were saved onto the

measuring
target xPC. Additionally, the bending moment mea-
sured by the FlexOmega system M FO b was sent via
Bluetooth to a laptop where the data was saved to a
CSV spreadsheet in real-time. At the end of the mea-
surements, data from the target xPC were imported as

a MATLAB “mat” file onto the laptop.

The resulting handle force

Fhandle: motor _ Fspring 4)

was calculated from the sensor measurements. In ad-
dition, the setpoint bending moment at the Flex-
Omega system

M setpoint_FOlab__ Fhandlel )

was determined. The target xPC had a significant
memory limitation so that ultimately only a maximum
of 70 consecutive strokes could be recorded for each of
the two profiles A and B.

Data analysis

We assumed that the overall variability of on-water
rowing var on—ywater Can be expressed by a simple sum
of the variability of the FlexOmega system wvarro,
of the variability of the movement execution by the
human varpymaen, and of the variability caused by
environmental factors var cpvironment:

Var op—water =
varro + Varhyman + VAT environment-

(6)

Analogously, the measurement variability vary,, ob-
served in the laboratory was formulated as follows:

Varep = VATFO + VATtest bench) 7

where vaTiest bench COrresponds to the variability of
the test bench caused by modelling and control errors.
We will state that if var n—water >> varey is found,
the system error var go system accounts for only a mi-
nor fraction of the total on-water variability. Conse-
quently, improvements in the instrumentation would
add little application-related value and detection of
performance changes is mainly influenced by other
measurement variabilities, i.e., how repeatable ath-
letes row and how repeatable environmental condi-
tions are.
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For this study, we used the one standard deviation
bounds to indicate the variability of measurements
for a collection of strokes. The sample standard devi-
ation was calculated for a data point at position 2
(ngp = 101 for all measurements) for ng; strokes

(either 65 for test bench trials or eight for on-water

tpoint_mot. t
[ setpoint_mo or’ Fmo or’

measurements) for
Fsetpoint,FO lab’ MFO on—water and MFO lab as

1 Nstr
6= | —— Tii— 2:) 2
’ Nstr — 1 ; ( 17] l) ’ (8)

Vi € {1, R ,ndp},

where

1 &
Bi=—) wi ©)
ns <

is the sample mean for the corresponding data point
(force or bending moment metrics as listed before) at
position ¢ over n g, strokes. The bounds were then giv-
en by

z; Lt 0. (10)

Additionally, we used the standard deviation as a mea-
sure of precision. We calculated the mean relative pre-
cision p as the complement of the mean relative stan-
dard deviation 7 over each data point:

p=1-—7, (11)

where 7 is defined as

1 & 4
P> —. (12)
Ndp 5= Ti

Also, its minimum and maximum over the stroke will
be reported, i.e.

. G
Pmin = min {1 — —}i_1 . (13)
1
and
6-‘
Pmaz = maz {1 — m—z =1,y (14)
7

Precision was calculated for Ft" and M FOlab \ith

the results denoted as p™°"and p¥© lab

respectively.
To evaluate the accuracy of the test bench and the
FlexOmega system, the mean of the absolute differ-
ence cil between the forces or bending moments in
question at each data point ¢z over ng, = 65 strokes
was calculated, i.e.

1 Tstr

d; = d; ; 15
T < 05 (15)

where d; j corresponds either to

motor __ setpoint_motor motor
di,j - |Fij o Fij (16)

or

FOlab __ setpoint_FO lab FO lab

foralls € {1,...,ng}andj € {1,...,ns}. The
average difference over the entire drive phase was de-
fined as mean error, i.e.

_ 1 &,
d=— - (18)
Ndp

.
—_

Later, we will refer to the mean relative accuracy a as
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al.
a=1-—e¢, 19
where
1 <& 4,
E=—>» — (20)
Tdp ; Z;

is the mean relative error over all data points (Z; cor-
responds here to either F™0tr or ][ setpoint_FO laby
Similar to the precision, the minimal and maximal rel-
ative accuracy will also be reported, i.e.

~

di

Amin = min {1 — —} =1,y (21)
i
and
d;
Amaz = AT {1 - = }izlr--:"dp‘ (22)

i
Analogously to (Holt et al., 2021), the mean systematic

error (M SE) and the mean standard deviation ratio
(M SDR) was determined by

MFO lab Msetpoint_FO lab

MSE = — (23)
M setpoint_FO lab

and

&FO lab __ asetpoint_FO lab

MSDR = gsetpoint_FO lab ’ (24)

. — FO lab — setpoint_FO lab
with M and M

the mean over the strokes and data points of MZ?O lab
setpoint_FO lab —FO lab
and M;; o

corresponding to

, respectively. Similarly,

setpoint_FO lab

and o corresponded to the mean over the

. . « setpoint_FO lab
data points of 570 1ab ang ;P21

ly.

, respective-

As an additional point, we were interested in relating
the variability of the bending moment recorded on the
test bench with the one recorded on the lake to see
if the isolated variability of the FlexOmega system is
neglectable compared to the total on-water variability
that additionally includes other human and environ-
mental factors. For this purpose, the ratio of the sam-
ple standard deviation of M FO on—water 5nq pfFO lab
was computed as

Riab/onfwater _
~ FO lab

5! . 25)

: Vi € {1,...,ndp}.

a_ZFO on—water

This ratio was calculated for ng;, = 8 strokes recorded
on the lake and on the test bench (the first eight
strokes of the 65 strokes recorded on the test bench
were taken). Also, its mean over all data points was
calculated, i.e.

Ndp
Rlab/on—water _ 1

lab/on—water
R/ :
Ndp 7

(26)

Results

Validation of test bench

The mean error d™°°" for the entire drive phase was
11 N for Profile A and 7 N for Profile B. In the second
half of the drive phase, the control error for both pro-
files was about five times larger than in the first half
(see Figure 3 and Figure 4).

The test bench mean relative precision P was
99.0%  for  Profile A motor — 96.6%,
protor —998%) and 989% for Profile B
(pmoter — 94.7%, prator — 99.9%). The test bench’s

precision decreased when the loading rate of the oar
was high, i.e. between about 10 to 30% of the drive
phase (see Figure 4). The test bench mean relative

accuracy a™%" was 95.2% for Profile A
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500

400

force (in N)

-100

F motor
F spring
F handle

setpoint_motor
etpoint

Msetpoim_FO lab

MFO lab

—300

—200

bending moment (in Nm)

drive phase (in %)

50

Figure 3 Examplary representation of forces and moments occurring on the test bench for Profile A. Note
that the spring force FSP'Nd is shown inverted to better capture the equation Fhandle = pmotor _ pspring
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Figure 4 Mean forces applied, variability and error of the test bench for Profile A and Profile B.
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Validation of the FlexOmega system

Precision and accuracy, determined on the test
bench

On the test bench, the mean relative precision of the
bending moment ﬁFO lab \vas 97.5% for Profile A
(pEOlab — 94.3%, pFOlab — 99.8%) and 98.4% for
Profile B (pfQ!ab = 94.9%, pZ0lab — 99.8%).

The accuracy of the FlexOmega system, given by the
mean error d¥° b for the drive phase of 65 strokes
measured on the test bench was 3 Nm for Profile A and

2 Nm for Profile B (see Figure 5). The mean relative

accuracy afOlab  \was 96.8% for Profile A
(afOlab — 80.6%, af0l® = 99.6%) and 97.3% for
Profile B (af9 4> = 88.0%, a£Q!4> = 99.5%).

The mean systematic error MSE for Profile A was
0.5% and 1.1% for Profile B and the mean standard
deviation ratio M SDR was 95.5% for Profile A and
10.2% for Profile B.

On-water measurement variability vs test bench
variability

The mean standard deviation ratio Rab/on—water \yaq
30% for Rower/Profile A and 15% for Rower/Profile
B when the technically best possible rowing was
requested either at race pace (Rower A) or at technique
training pace (Rower B). In faulty rowing (immersing
the oar into the water too late; Rower A at 20 strokes
per minute, Rower B at 22 strokes per minute), both
participants rowed less consistently than in the con-
dition in which they were requested to row as well
as possible (see Figure 6); consequently, the ratio
Rlab/on—water \yq1d be smaller.

Discussion

This study aimed to dynamically validate the Flex-
Omega system which has been designed to measure
bending moments in an oar by an instrumented sleeve
next to the collar. Because no other instrumentation

was available to the authors at the time of the study
that could have served as a reference during on-water
rowing, a dedicated test bench was developed which
allowed the application of a predefined force profile to
the handle of the oar. On the test bench, the measure-
ment variability of the FlexOmega system was deter-
mined and then related to the variability of bending
moments measured during on-water rowing, to deter-
mine whether the instrumentation contributes remark-
ably to the measurement variability on-water.

Both rowers rowed similarly consistently on the water,
the standard deviation was about 10 Nm each over
long periods of the water phase. At the same time,
our test bench was more variable in periods of high
loading or unloading which mainly concerned Profile
A. Consequently, the ratio Rlab/on—water
higher in those periods (see Figure 6). Overall, we
are convinced that the on-water variability of bending
moments monitored by the FlexOmega system was

mainly based on variability originating from the move-

was markedly

ment execution of the athlete and environmental fac-
tors.

As a higher skill level is commonly characterised by
a higher consistency of performance-relevant metrics
(e.g., shown for ergometer rowing by Lay et al., 2002),
we are convinced that the determined fraction of the
FlexOmega system’s variability to the overall variabil-
ity of measured bending moments is an upper bound
as the variability of the on-water bending moments
almost at least doubled when the rowers were asked
to make an unusual movement instead of a perfect
one, i.e. when asked to intentionally enter the oar too
late into the water (see Figure 6). A doubling results
in halving of the ratio between the measurement vari-
ability of the FlexOmega system and the variability on
water (see Equation 26 and Equation 27). Therefore,
we conclude that a reduction of the measurement vari-
ability of the applied FlexOmega system would not
significantly benefit users; in other words, the system
is ready for rowing performance analysis.

The actual variability of the FlexOmega system is even
lower than that observed in our laboratory environ-
ment as the estimation of the measurement character-
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Figure 5 Setpoint bending moments and FlexOmega bending moments, their variability and difference. De-
tails for Profile A are shown on the left, details for Profile B on the right. Top line shows mean of 65 strokes

of setpoint bending moment applied on test bench in the laboratory and mean bending moments simulta-

neously measured with FlexOmega (FO). Middle line presents the variability of these means while lowest

line presents mean and one standard deviation bounds for pairwise absolute difference between the mo-

ments.

istics of the FlexOmega system also depended on the
quality of the test bench. In general, the mean rela-
tive accuracy @™°%" was very high (95.2% for Profile
A and 95.6% for Profile B). The largest deviation from
the setpoint force F'$€tPoint-motor qeeyrred when the
force was to be reduced again: Our controller lagged
behind the setpoint force (see Figure 4). However, this
delay of our controller did not noticeably change the
characteristics of the applied force profile. In a study
to determine the measurement characteristics of the
rowing ergometer Concept 2, a motor was also used to
simulate force profiles of athletes (Mentz et al., 2020).
Characteristics of the force profile such as maximum
force or power could be simulated well, only the num-
ber of strokes was 18% lower. However, the actual
force profile was recorded less precisely than in our
setup (cf. Figure 3 of Mentz et al.. 2020 and our Fig-

ure 4). Furthermore, the consistency of forces applied
on our test bench was very high (mean relative pre-
cision ppoeh, 4 = 99.0% and ppo 5 = 98.9%).
Consequently, our test bench was able to load the han-
dle of the oar reliably with a force profile that repre-
sented either rowing at race pace or rowing in tech-
nique training. In the future, a rectangular or sinu-
soidal profile could also be used to load the oar on the
test bench. In this work, however, mimicking the indi-
vidual profile was the basis for comparing the variabil-
ity of on-water strokes to the variability of simulated
strokes.

The mean relative precision and mean relative accu-
racy of the FlexOmega system were very high
(POl , =97.5%, ahol? = 96.8% and
1752,%783 = 98.4%, dgrooj;;;’eB = 97.3%). When the

rate of change in bending moment during the sim-
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laboratory and standard deviation observed during on-water rowing at race pace/technique training.

ulated drive phase was high, the absolute difference
dFOlab petween the setpoint moment at the Flex-

tpoint_FO lab
Mi‘;e PO-"19% 3nd the moment mea-

Omega system
sured by the FlexOmega systems MZ.?O lab seems to be
increased (see Figure 5). This larger difference could
be due to incorrect synchronisation of the data streams
of the FlexOmega system and the test bench: If the
data streams are inaccurately synchronised, the differ-
ences between them become noticeably larger when
the rate of change of the data is high. Increasing the
sampling frequency of the FlexOmega system should
reduce the synchronisation error, as making the syn-
chronisation point of 20 Nm more precise (The Flex-
Omega system did not allow changing the sampling
frequency of 50 Hz at the time this study was con-
ducted.). Yet, we cannot rule out the possibility that
the FlexOmega system itself introduces more variabil-

ity between strokes or loses some measurement accu-
racy at a higher rate of change in bending moment.
The maximal error of around 10 Nm (see Figure 5) is
below the defined threshold for the detection of the
drive phase and corresponds to a deviation from the
maximal measured bending moment of less than 5%.
It can be assumed that for practitioners the observed
differences will not affect the training program com-
piled from a stroke analysis made with the FlexOmega
system.

In order to be able to compare the measurement qual-
ity of the FlexOmega system with other commercially
available instrumentations, the mean standard devia-
tion ratio MSDR and the mean systematic error MSE
were determined. The MSDR for both of our profiles
was in the range of the instrumentations investigated
by Holt et al. (2021). If we assume that the reference
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system of Holt et al. (2021) measured reliably, the
MSE calculated for both of our profiles outperformed
the instrumentations by Holt et al. (2021): The lowest
MSE was 7% (Peach PowerLine device) while we deter-
mined a MSE of about 1% for the FlexOmega system.
However, we must note that Holt et al’s (2021) data
should be treated with caution, as instrumentations
investigated by them might have been loaded beyond
the intended measurement range, as the swingulator
used had a much shorter outboard oar length than a
common oar (Kleshnev, 2022). In addition, Holt et al.
(2021) examined the rowing power while we examined
the bending moment - we could not measure power
with our test bench.

Principally, we expect that the FlexOmega system
underestimates rowing power as deformation losses
and elastic energy emitted to the water are neglected
by the system. Our setpoint moment at the FlexOmega
system M setpoint_FOlab \y 55 3150 determined by a sim-
ple static physical model neglecting inertial terms and
any deflection of the oar due to bending. Another inac-
curacy of the test bench resulted from the handle dis-
placement which was about 0.2 m for the maximal
force of Profile A decreasing the right angle between
the rope and the oar by roughly 17°. Consequently, the
bending moment was theoretically reduced by about
5% in the worst case, as estimated from

Frerp —

cos(17°)Fetor — 0,956 moter, @)

with F'P¢"P corresponding to the actual force acting
perpendicular to the oar. Furthermore, the vertical
ropes attached, which should reduce vertical vibra-
tions during the tests, created an additional, counter-
acting spring force that further minimised F'P'P at
larger bending deflections. In the future, empirical cor-
rection factors could further improve the validity of
the test bench, whereby we consider the current test
bench version to be quite suitable for dynamic evalua-
tions of an oar sensor.

Another limitation of the test bench was that the tar-
get xPC used did not have enough memory to record

an endurance test of around 250 strokes corresponding
to a 2,000 m rowing race. As neither the accuracy
nor the precision of the FlexOmega sensor decreased
during the 65 strokes analysed, we decided against
upgrading the test bench to be able to record more
than 65 strokes as no further insights were expected.
We have also not tested how temperature affects the
measurement properties of the FlexOmega system.
Theoretically, the arrangement and wiring of the
embedded strain gauges should compensate for tem-
perature fluctuations. However, temperature fluctua-
tions of 30° C can certainly occur, for example when
an oar is taken out of the wheelhouse and then used in
the blazing sun. Thus, a future validation of the Flex-
Omega system should elaborate the impact of temper-
ature.

Conclusion

With a newly developed test bench, an oar was repeat-
edly dynamically loaded by a force profile representing
the drive phase during on-water rowing. Since the
force profile was applied at the handle of the oar
with high precision and accuracy (on average 99% and
95% respectively), and the oar was hinged in a typical
oarlock, in principle any instrumented oar or oarlock
could be evaluated with our test bench.

For the FlexOmega system, a mean error in the bend-
ing moment of 3 Nm and a mean accuracy of 97%
was determined on the test bench for the force profile
representing a former world class athlete rowing at
racing speed. If we take also into account that the
measurement variability observed on the test bench
was about 30% of the measurement variability that
occurred during on-water rowing (and by far less in
case of a younger athlete or in case of faulty rowing),
we conclude that an improvement of the measurement
characteristics of the FlexOmega system does not
promise any practical benefit and that the system in its
current version can be used to control training inten-
sity, track training load or to assess rowing perfor-
mance.
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