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ABSTRACT

Sculling performance is largely determined by the magnitude and timing of blade force
application, i.e. the size and shape of the sculler’s force profile. Discovering specific
force profile characteristics that relate strongly with boat velocity in elite scullers, and
determining how best to measure them, would allow recommendations for improved
performances. The objective of this thesis was to expand knowledge regarding
biomechanical measurement of sculling force profiles and to understand how the
PowerLine™ boat instrumentation system could be used effectively to measure and

improve elite on-water sculling performance.

A literature review showed that effective rowing force profiles are large, smooth,
rectangular, and have a peak force in front of the perpendicular oar position.
Laboratory validity testing showed that PowerLine™ was valid for use with elite
scullers, displaying a standard error of the estimate of less than 0.90 kgF for force and
less than 0.5° for angle measures. On-water reliability testing established smallest
worthwhile effect sizes for PowerLine™ variables for elite scullers completing 500-m
trials, including 0.44% for stroke power and 0.5° for angular variables. Scullers in
double sculls were more variable than single scullers so consistency in stroke power
was recommended as a focus for crew scullers. Sculler analyses using PowerLine™ was
better when using the average of five strokes rather than single strokes. Step wise
linear regression analyses presented models for two elite scullers explaining 84% and
85% of their variation in boat velocity. However, the relationships between sculling
performance and biomechanical stroke variables, including different measures of catch

technique, were not consistent between elite scullers and cannot be generalised.

Analyses of changes in means for four elite scullers showed that biomechanical stroke
variables did differ significantly between single, double and quad sculls and therefore
training and selection should be boat class specific. In elite double sculls, correlations
between change in performance and change in bow versus stroke peak force
synchronization indicated that it is likely to be beneficial to performance if the stroke

peaks with their force earlier and with the handles further to the stern than the bow
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seat. Switching the seating order in these double sculls resulted in mean boat velocity
changing by up to 5.8% of world record time signifying the importance of seat-specific

trialling.

Extensive differences between elite scullers in the strength and direction of
relationships between performance and Powerline™ variables showed that full
analyses of all variables must be conducted individually for each sculler. The
importance of seating order in double sculls, and the benefits of the stroke seat
peaking before the bow, have implications for crew selection, seat allocation, and
technical recommendations. Seat trials for crew sculling boats must be seat-specific
and include racing in all seating orders. Further research is necessary to verify and
explain the synchronisation requirements of crew sculling boats before more scientific

seat allocation can be achieved in these boats.

Sculling force profiles from PowerlLine™ can be used effectively to measure and

improve elite on-water sculling performance.
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Blade

Bow (seat)

Catch position

Double scull

Drive phase

Entry

Ergometer

Feathering

Finish position

Foot-stretcher

Gate

Longitudinal axis

ROWING TERMINOLOGY

The curved spoon end of the oar
The sculler or rower seated closest to the bow

The furthest reach point of the oar handle towards the stern of the

boat
A boat designed for two scullers each using two oars

The propulsive phase of the stroke where the blades are moving

from the catch position to the finish position and are in the water

The period of time where then blade moves vertically from being

out of the water to being fully covered

A land based rowing machine— with a single central handle that

does not differentiate between stroke and bow sides

The blades are turned from a position perpendicular to the surface
of the water to a position parallel to the water to reduce drag on

the oar during the recovery phase

The furthest reach point of the oar handle towards the bow of the

boat
An angled plate in the boat that the rowing shoes are attached to
See “oarlock”

The line along the middle of the boat from the bow to the stern
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Oar

Oar excursion

Oar shaft

Oarlock

Pair

Pin

Quad scull

Recovery phase

Release

Rigger

Sculling

Single scull

Slip

Entirety of the oar shaft and blade, positioned through the oarlock

and used by the rower to propel the boat

Displacement of the oar (°) during the drive phase of the stroke

cycle — also termed total angle

Sometimes termed “loom”, the rod-shaped part of the oar that the

blade attaches to

Sometimes termed “gate”, this is the point of attachment of the

oar(s) to the boat

Two-oared sweep boat with two rowers

|Il

Sometimes termed “swivel”, the oarlock(s) rotate around the pin

fixed in the rigger(s)

A boat designed for four scullers each using two oars

The non-propulsive phase of the stroke where the blades are
moving from the finish position to the catch position and are not in

the water

The period of time where then blade moves vertically from being

fully covered to being out of the water

Metal attachment to the boat of the boat onto which the oars are

attached via the oarlock

A class of rowing where a rower holds an oar in each hand

A boat designed for one sculler using two oars

Either at the catch or finish, “slip” refers to oar excursion angles
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Square off

Stern

Stroke (seat)

Sweep rowing

that do not contribute to propulsion whilst the blades are moving

from the catch position to the finish position

Position where the oar is perpendicular the longitudinal axis of the

boat and the oar angle is zero

The front of the boat when moving in its intended direction of

travel

The rower or sculler seated closest to the stern

A class of rowing where each rower holds one oar
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ABBREVIATIONS USED THROUGHOUT THIS

DOCTORAL THESIS

Abbreviation

Definition

cl

ES

FISA

kgF

ICC

SD

spm

SPSS

SEE

TE

WRT

Confidence interval

Effect size

The International Rowing Federation

Kilograms of force

Intra-class correlation coefficient

Standard deviation

Strokes per minute

Statistical Package for the Social Sciences

Standard error of the estimate

Typical error

World record time
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CHAPTER 1 - INTRODUCTION AND
RATIONALISATION (PREFACE)

The ultimate metric of sculling performance is the time to complete a set distance,
typically 2000 m. This time is dependent solely upon the average boat velocity,
determined entirely by the resultant of the drag and propulsive forces acting about the
boat (Smith and Loschner, 2002). The size of these forces can be manipulated by
aspects of a sculler’s technique, principally, the magnitude and timing of blade force
application, i.e. the shape and size of their force profile. At the elite level, athletes
strive to cut fractions of a second from their performance times, and insight into
specific biomechanical characteristics of technique known to relate strongly to

performance would therefore be invaluable.

Although athlete testing in a laboratory setting will provide a controlled environment,
comparative studies between on-water and ergometer force profiles have highlighted
that on-water analysis is the only option for data that truly signifies the sculling
competition situation (Dawson, Lockwook, Wilson, & Freeman, 1998; Elliott, Lyttle, &
Birkett, 2002; Kleshnev, 2008b; Lamb, 1989; Li, Ho, & Lin, 2007). It is therefore
necessary to identify unobtrusive biomechanics instrumentation capable of measuring
on-water sculler forces with which to examine predictors of sculling performance that

can be presented to coaches and athletes and used in technical interventions.

The central theme of this thesis was to expand knowledge regarding biomechanical
measurement of sculling force profiles and to understand how the PowerLine™® boat
instrumentation system could be used effectively to measure and improve elite on-
water sculling performance. This thesis encompasses four overlapping objectives: 1)
To review literature concerning sculling force profiles and relationships between
characteristics of these profiles and sculling performance; 2) To assess the

appropriateness of the PowerlLine™ Boat Instrumentation System for use with elite

! peach Innovations Ltd, 27 Grantchester Road, Cambridge CB3 9ED, U.K.
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scullers in regard to the validity and reliability of its measures; 3) To investigate the
extent to which sculling performance can be quantified using a simplified model of
sculling technique based upon one or more of the variables available from PowerLine™
and; 4) To enhance approaches to coaching and crew selection through interventions
aimed at improving understanding of sculler force profiles. These objectives were
realised through the series of studies that comprise Chapters 2 to 9 of this thesis, and

culminate in an overall discussion in Chapter 10, as outlined in Figure 1.

Theme 1: Measuring biomechanical characteristics of rowing - reviews of literature

Two reviews were conducted in this thematic section to gain an understanding of the
characteristics of force profiles in rowing and their relationships with boat velocity.
Chapter 2 summarises known features of effective force profiles and highlights clear
gaps in the literature. This chapter formed the basis of an oral presentation given at
the AON Rowing New Zealand Coaches Conference (Coker, 2008) and was also
presented as a poster at the New Zealand Sports Medicine and Science Conference
(Coker, Hume, & Nolte, 2008b). These presentations are included in the thesis as
Appendices 1 and 2 respectively. A second literature review was developed from
discussions with coaches as a result of the presentations from Chapter 2. A resounding
need for an unambiguous method for quantifying a sculler’s catch technique was
identified. Proficiency of technique at the catch was known to be crucial for
performance (Richardson, 2005) but there was no universal method agreed for
objectively measuring a sculler’s effectiveness during this phase. Chapter 3 therefore
reviews methods used to analyse catch technique for scullers and investigates whether

any previously unpublished methods were appropriate in future experimental studies.

Theme 2: Reliability and validity of sculling biomechanics instrumentation

The high consistency level of elite scullers and the exceptionally small time differences
separating finalists at international regattas meant that an extremely high degree of
accuracy and reliability was required from any instrumentation used to supply
performance measures to these athletes (Baudouin & Hawkins, 2004). Recognising the

importance of sculling force profiles, Rowing New Zealand purchased the PowerLine™
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Boat Instrumentation System due to the ease of its set-up and calibration, and the
ability to synchronise its pin force and oar angle measures with video. However, before
this system could be used for regular athlete feedback, the validity and reliability of its
measures had to be quantified to ensure that it was appropriate for use with elite
scullers. Chapter 4 reports the findings of a laboratory based validation study
comparing the force and angle data from PowerLine™ with data from a load cell and
inclinometer respectively. This chapter was presented at the 27" International
Conference on Biomechanics in Sport (Coker, Hume, & Nolte, 2009b), where | was
fortunate enough to engage in discussions with other rowing biomechanists. These
discussions led to questions about the limitations of the unidirectional pin force
measured by PowerlLine™, specifically whether any non-propulsive force acting parallel
to the oar shaft was measured by the system. Appendix 3 reports on a second
laboratory based study comparing load cell readings with PowerLine™ measures of a
force applied in the direction parallel to the oar shaft. This study also investigated an
example of the range of arm relative to oar shaft angles that can be seen in a quad
scull and the extent to which PowerLine™ may therefore misrepresent useful force

production in scullers.

After substantiating that the PowerLine™ system had a sufficient level of accuracy, it
was necessary to determine smallest worthwhile effect sizes for its variables when
used with elite scullers. Chapter 5 presents the combined reliability of the PowerLine™
system and six elite scullers. Smallest worthwhile effect sizes were determined
allowing the effects for future interventions on performance in elite scullers to be

quantified and their relevance to be identified.
Theme 3: Quantifying sculling technique using biomechanics instrumentation

Extraneous variables hinder the reliance on boat velocity as a reliable performance
indicator (Nolte, 1991). It was therefore necessary to know with certainty of other
variables that could be used to measure performance. Discrepancies existed as to the
strength of the relationships between boat velocity and some key biomechanical
variables, particularly stroke power (Baudouin & Hawkins, 2004; Kleshnev, 1999; Smith,

Galloway, Patton, & Spinks, 1994). Chapter 6 outlines whether PowerLine™ stroke
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power, in association with the other variables that the system could produce,
predicted boat velocity and whether it could therefore be used as a tool for technique
analysis and improvement in two Olympic level single scullers. The study comprising
Chapter 7, evolved from the methods of Chapter 6, and the literature reviewed in
Chapter 3. This chapter attempted to improve catch technique analysis by determining
which method of quantifying catch slip was the best performance predictor for two
elite scullers. It also established the strength of any relationships between the
different catch slip values in order to allow more comprehensive comparisons between

athlete feedback data and previously presented “norms”.

Theme 4: Biomechanical interventions to improve approaches to sculling crew

selection and coaching

The greater understanding of the PowerLine™ biomechanical stroke variables gleaned
from Chapters 4 to 7 led to two final intervention studies. Chapter 8 evolved from
guestions from the Rowing New Zealand coaches and management who wished to
better compare scullers across different boats and to know whether scullers could be
better placed into particular crews based on their force profiles. This chapter outlines
how the biomechanical stroke variables of four elite scullers, measured by
PowerLine™, changed when moving between single, double and quad sculls. This study
revealed unexpected patterns in the relative timing of the bow and stroke seat
scullers’ peak forces in the successful elite double sculls tested. This, together with the
gap in the literature identified in Chapter 2 concerning synchronisation of force
profiles in symmetrically-rigged crew sculling boats, initiated the final study described
in Chapter 9. Four elite scullers completed trials in different seating orders to
investigate the effect of synchronisation on performance in elite double sculls in an
attempt to enhance seating order selection and understanding of the technique

and/or boat set-up required for maximal performance in double sculls.
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Figure 1:  Overview of the thematic sections of the doctoral thesis. The chapters are

coloured coded to indicate each theme.

The findings of all studies are integrated and summarised in Chapter 10. Along with the

presentations resulting from Chapters 2 and 4 (Appendices 1 and 2) and the

investigation into the limitations of the PowerlLine™ system (Appendix 3), the

appendices also contain information regarding Auckland University of Technology
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Ethics Committee (AUTEC) ethical approval (Appendices 4 and 5). This includes sample

subject information packs, consent forms and notifications from AUTEC.

All chapters were submitted to Rowing New Zealand as technical reports, allowing the
findings to be applied to the scullers currently competing internationally. A summary
of applied work carried out using the PowerLine™ system with New Zealand rowers
was also submitted as a technical report and is included in the list of publications
resulting from this thesis (Coker & Maher, 2008), but the highly confidential nature of
this data prevented this report from being included as an appendix. Where
appropriate, findings were also presented at conferences but the majority of this thesis
will not be publically available until after the next Olympic Games in 2012 in order to
maintain any competitive advantage the findings may give to New Zealand scullers.
Although more extensive publication would have been desirable in order to gain
constructive feedback on my work from academics, as was so beneficial when |
attended the International Conference on Biomechanics in Sport, my immersion in the
Rowing New Zealand programme enabled me to approach highly relevant and current

issues and to gain feedback from elite coaches.
Limitations/delimitations

The obvious limitation faced throughout this thesis is the small number of elite level
scullers available in New Zealand. Other international elite scullers could not be
involved in the studies due to the conflict of interest between competing nations. A
possible solution was to also invite sub-elite scullers to participate in the studies. Two
such scullers training with the elite group requested to be involved in the reliability
testing for training purposes. Notably lower within and between trial consistencies in
these scullers stressed the distinct nature of elites and, substantiated by similar
findings from applied testing of a number of additional sub-elite scullers, it was
decided that all subjects throughout the thesis must be of an elite level (i.e. winning
medals at senior-level, or gold medals at U23-level international regattas). The issue of
small subject numbers was overcome as much as possible by increasing the number of

strokes recorded and taking a case study approach where appropriate.
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CHAPTER 2 — EVALUATING ROWING FORCE
PROFILES USING THE POWERLINE™ BOAT
INSTRUMENTATION SYSTEM: IMPLICATIONS FROM
LITERATURE

This chapter comprises the following technical report submitted to Rowing New
Zealand and presented as a poster at the New Zealand Sports Medicine and Science
Conference. This chapter also formed the basis of an oral presentation given at the

AON Rowing New Zealand Coaches Conference.

Coker, J., Hume, P. A., & Nolte, V. (2008). Evaluating rowing force profiles:
Implications from literature. (Technical Report for Rowing New Zealand). (pp. 1-19).
Auckland: Institute of Sport and Recreation Research New Zealand, Auckland

University of Technology.

Coker, J. (2008, 10-11 October 2008). The application of biomechanics in rowing.

Paper presented at the AON Rowing New Zealand Coaches Conference, Wellington.

Coker, J., Hume, P. A., & Nolte, V. (2008, 13-15 November). Evaluating rowing force
profiles: Implications from literature. Paper presented at the New Zealand Sports

Medicine and Science Conference, Dunedin.

Overview

The aim of this review was to outline current knowledge on rowing force profiles from
information in the published literature. Effective force-time and force-angle profiles
have a large area under the curve which maximises impulse and work respectively
during the drive phase. A more rectangular than triangular shaped curve, comprising a
high rate of force development, increases efficiency and drive impulse for the same

maximal force output (or maximal force producing capacity of the athlete). Smoother
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force curves are more effective, potentially due to reduced boat velocity fluctuations
and an increased area under the curve. The need for crew coordination is evident but
the exact pattern of this synchronisation is not known for different boat types.
Disparity exists as to where the peak force should be positioned, but literature
incorporating more detailed fluid dynamics recommends that it should occur before
the oar is perpendicular to the longitudinal axis of the shell (in front of the “square
off”) in order to maximise the use of lift forces acting at the blade. Earlier peak
positioning will also better utilise the recoil of elastic energy stored in the bend of the
oar shaft. More information is required to better match characteristics to specific boat
types for effective performance and to understand how precise alterations to
technigque and set-up can alter rowing force profiles. Limitations of the PowerLine
system include the location of the force being measured, and a lack of conclusive
evidence that its’ automatic variables relate to boat velocity. Ideally blade force rather
than pin force would be collected because this is the origin of propulsion and therefore
performance, but this is currently not an accessible and realistic variable for regular

biomechanical assessment in an elite programme.

Introduction

The cyclic nature of the rowing stroke, comprising the drive (propulsive) and recovery
(non-propulsive) phases, results in unavoidable fluctuations in boat velocity occurring
within every stroke. During the drive phase, boat velocity will be influenced by the
rower(s) coordinating handle and foot-stretcher forces in order to produce blade
movement and force that will propel the boat through the water. Boat velocity is also
influenced throughout the entire stroke by the transfer of momentum between the
boat and the rower(s), who move freely on a sliding seat. Due to these factors,
maximal within-stroke boat velocity is known to occur early in the recovery phase,
whilst minimum boat velocity occurs at the catch (the blade’s entry into the water at
the start of the drive phase) (Kleshnev, 2010). Essentially, average boat velocity is
determined by the amount of propulsive and drag forces acting about the rowing
system (rower(s), shell and blades) (Smith & Loschner, 2002). Blade force is the only

source of propulsion, and as such is the key factor that will determine performance
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(Baudouin & Hawkins, 2002; Sanderson & Martindale, 1986). A rower’s capacity to
produce large forces at the handle to be transferred to the blade via the pin, will in
part depend upon their physical capacity and the largest, strongest individuals are seen
to produce higher boat velocities (Barrett & Manning, 2004). However, it is not always
possible to increase physical capacity sufficiently and gains must then be made
through the coordination of this force production (i.e., the shape of the force profile),
a challenging performance factor to achieve (Anderson, Harrison, & Lyons, 2005;

Rekers, 1999).

On-water force profiles are known to differ from those seen on the ergometer and it is
therefore vital that force data can be collected on-water (Li et al., 2007). Modern boat
instrumentation systems (e.g., PowerLine™), in synchronisation with video data, allow
analysis of on-water force profiles. This report will discuss the key characterististics of
effective force profiles, as outlined by past rowing literature found by searching the

SportDiscus data base of journals using the key words rowing and force.

Force profile characteristics for performance

Throughout this report, two distinct forms of force traces will be referred to; force-
time and force-angle profiles. Although they are related and often used
interchangeably, when performing further calculations or making comparisons
between two or more curves, the correct form should be used. Figure 2 shows the

force-angle and force-time profiles for the same stroke.
Area

The area underneath the force-angle curve relates to the amount of work done per
stroke whilst the area underneath the force-time curve equates to the impulse added
during the drive. Any increase in momentum (and therefore increase in boat velocity,
including the reversal of the unavoidable deceleration occuring each stroke) will be
determined by the size of this impulse. The area under either curve should therefore
be as large as possible. From a coaching perspective, visual comparison can be
sufficient to see large differences between the areas of two profiles. However, if

guantitative values are required, the force-time curve must be integrated through the
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drive phase to obtain an impulse value. Hill and Fahrig (2008) proposed a method
whereby tangents are drawn from the steepest points of the curve at the catch and
finish to the baseline and the area calculated from this modified curve. This method
manages the negative areas under the 0 kgF line and also attempts to minimise the
addition of inertial forces in these areas of the drive. This would result in more

meaningful calculations of rower impulse without the inclusion of these additional

unavoidable forces.

Force-angle profile Force-time profile
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Figure 2: Force-angle profile showing the full stroke, and force-time profile of the
same stroke showing time period from minimum to maximum angle. The

red line indicates the point where the blade changes direction.

Shape

The area underneath the curve will largely be affected by its shape. Increasing the
average force relative to maximal force and achieving a high rate of force development
at the beginning of the drive will result in a larger area for the same, or even lower,
peak force (Kleshnev, 1999; Kleshnev & Kleshnev, 1998; Millward, 1987). This ratio has
been found to be significantly higher in elite than sub-elite rowers (Smith & Draper,
2006). Visually, this will create a more rectangular, rather than triangular shape.
Figure 3 presents this idea theoretically, in simplified form. With the same peak force,
but increased rate of force development and time at peak, a 50% increase in impulse is

seen (B vs. A). Even with a 250 N decrease in peak force, the more rectangular shape of
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C in comparison to A results in a 12.5% increase in impulse for C compared to A. This
has large potential in enhancing performance without increasing the rower’s maximal

force-producing capacity.
Smoothness

The smoothness of the force profile has been found to be correlated with rowing level
(Rekers, 1999; Smith & Spinks, 1998). This may be due to reduced velocity fluctuations
which will increase efficiency (Anderson, Harrison, & Lyons, 2002; Baudouin &
Hawkins, 2002, 2004; Smith & Loschner, 2002). Eliminating “dips” will also increase the
area under the curve and increase performance accordingly. Although small, the
differences in the shape and smoothness of the force profile between experienced
rowers are real (Wing & Woodburn, 1995). Individuals will develop a highly repeatable,
“signature” force profile through training, allowing rowers to be identified by subtle
characteristics in their force profile during the drive phase (Baudouin & Hawkins, 2004;
Hill, 2002; Wing & Woodburn, 1995). These characteristics do not appear to change
without specialized training so, if alterations are needed, it is necessary to investigate
what exactly is causing the undesirable feature and make specific changes accordingly

(Hill, 2002).

1200 - Steepness of to peak value creates a
curve in first more rectangular shape.
1 part of drive

epesens [ N\

800 - rate of force / \
= development,f /=7 S\
B | /] / AR\
& /

400 ~ Peak Force

{N) Area (Ns)

200 A

0.00 0.25 0.50 0.75 1.00

Time (s)

Figure 3:  Theoretical illustration of the effect of force-time profile shape on the

impulse (area under curve).
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Position of peak force

The oar angle at which peak force should occur is a well disputed issue with
considerations from mechanics, biomechanics and physiology. Mechanically, it was
traditionally thought that the peak force should be applied when the blade is
perpendicular to the long axis of the boat. Here the transverse component of the
rower’s force would be minimal and force would be maximal in the propulsive
direction (Celentano, Cortili, di-Prampero, & Cerretelli, 1974; Kérner, 1979; Martin &
Bernfield, 1980; Smith & Loschner, 2002; Spinks, 1996). Physiologically it was also
reported that a rower’s metabolism operates at a higher efficiency if they row "middle
pressure" strokes as opposed to "hard catch" and "strong finish" strokes (Roth,

Schwanitz, Pas, & Bauer, 1993).

Conversely, front-loaded force profiles are thought to be preferable because the
resulting power curve is more evenly distributed and will allow for reduced velocity
fluctuations and increased mechanical efficiency (Kleshnev, 2006b; Nolte & Morrow,
2002). It is also known that the elastic energy stored in the bend of the oar shaft and
later recoiled, is used more effectively if an early peak force is applied (Kleshnev,
2007c). Additionally, rowing literature considering hydrodynamic efficiency and lift
forces at the blades argues that a theoretical optimal efficiency exists with maximal
values at the catch and finish of the stroke (Affeld & Schichl, 1985; Nolte, 1984). This
can be explained in the following way; for the same propulsion, the same amount of
impulse must be given to the water. This can either be achieved with a small mass and
high velocity of the water (blade stalled in the water and boat levered past — as is seen
through the mid-drive) or large mass and lower velocity of the water (blade moves
through water creating propulsion through lift — as occurs towards the catch and
finish) (Young, 1997). Because of the nature of the relationship between kinetic
energy and velocity, the stalled blade situation results in more energy lost to the water
for the same propulsion. Using lift is therefore more efficient, and if maximal power
could be produced by the rower towards the catch and finish, then maximal propulsive
forces would be achieved because less rower energy would be lost to the water

(Young, 1997).
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Although it is not biomechanically possible to create a completely rectangular force
profile and instantaneously reach peak force at the catch, by emphasising the start of
the drive, not only will lift forces be used more effectively, high local loads on the arms
will be avoided, and the body will be positioned to more effectively develop force
proportional to strength of the body segments (Schwanitz, 1991). Although arguments
for both middle and front loaded force-angle profiles exist most recent literature now
confirms that a peak force in front of the perpendicular point is preferable and the

reasons for this are presented in Figure 4.

e more evenly distributed power curve reducing
boat velocity fluctuations and increasing

efficiency
o e increased use of lift for propulsion (a more
%" efficient means of propelling the boat)
g e enhanced use of the recoil of elastic energy
S stored with the bend of the oar shaft
2 e  reduced overload on arms
] e body better positioned to allow force production
proportional to body segment strength
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Figure4: An example of a front-loaded sweep rowing force-angle profile and its
advantages based on past literature (Affeld & Schichl, 1985; Kleshnev,
2006b, 2007c; Nolte & Morrow, 2002; Schwanitz, 1991).

Crew synchronisation

Coordination of crew members is generally thought to enhance efficiency because
poor synchronisation will create torque about the boat and increase drag (Baudouin &
Hawkins, 2002). The most synchronised of crews from the elite German squad was
unbeaten in a series of within-squad trials and differences between crew members in
the shape of their force profiles were more detrimental to performance than

differences in the area (Hill, 2002; Wing & Woodburn, 1995). However, in
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asymmetrically rigged boats, such as pairs, it is well documented that specific
differences between the bow and stroke are vital — the stroke should peak earlier and
higher than the bow seat rower (McBride, Sanderson, & Elliot, 2001; Schneider, Angst,
& Brandt, 1978; Zatsiorsky & Yakunin, 1991). There is little information on the real
drawbacks of having unmatched force patterns within other boat types (Hill, 2002). If
sustained maximal force and a rectangular curve is desirable (Kleshnev, 2001b), then in
symmetrically rigged boats, hypothetically, there may be potential for success from
using force profiles that allow for the crew average force profile to be this shape via
staggered individual peaking (see Figure 5). Differences in body size, physical abilities,
power application and technique exist between rowers in any crew resulting in
variations in blade movement patterns and therefore force profiles (Nolte, 2006).
Whether the differences between crew members in oar excursion and force patterns
can be reduced via boat set-up alterations, and whether this would be beneficial to
boat velocity, is unknown. More detailed understanding of exactly how specific boats

classes are propelled and combinations of effective force profiles is therefore

necessary.
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Figure5:  Theoretical graph to show different crew member (A, B, C, D) curve

shapes and resultant crew average force during the drive phase.
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Graph format

As previously mentioned, it is necessary to use the correct form of the force profile —
relative to angle or time. Evaluation of force versus time is a simple method of analysis,
useful in conjunction with synchronised video and for examining coordination of
timing within a crew (Kleshnev, 2007a). Use of the force-angle curve however, is
effective when comparing different stroke rates and is a visual representation of work
done per stroke (Kleshnev, 2007a; Spinks, 1996). This form can also be useful when
considering crew set-up as it is immediately clear whether a rower is too far forward or
back in the boat. If a rower’s foot stretcher is further to the bow than other crew
members, this rower’s force-angle curve will be shifted to the right in comparison to
the others (when presented on the same axis and scale) and, if the foot-stretcher is

further to the stern, the curve will be shifted to the left.

When making comparisons it is essential that the scale on which the graphs are
presented is considered. Ideally they would both be the same but, when not possible,
careful evaluation is necessary. Take Figure 6 for example. Which rower would you
select? At first glance, “Rower B” appears to have a higher peak force and larger area
under the curve whilst “Rower A” seems to work through a larger arch and have a
more rectangular shape. In fact, this is exactly the same rower, and exactly the same

strokes, merely presented on different scales.

The PowerLine™ Boat Instrumentation System

The PowerLine™ Boat Instrumentation System is comprised of instrumented oarlocks
and boat motion sensors that measure pin forces in the direction of the longitudinal
axis of the boat, gate angles, boat velocity and boat acceleration, all at 50 Hz. From
this, six automatic variables are computed every stroke for each oarlock, along with
stroke rate and boat velocity. Similar systems include BioRowTel™?, which uses the
bend in the oar shaft to measure rower force, and WEBA® which also uses an

instrumented oarlock. The PowerLine™ system was selected by Rowing New Zealand

% BioRow Ltd., www.biorow.com
* WEBA Sport und Medical Artikel, Vienna, Austria
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due to the simplicity of its set-up and calibration, and its ability to automatically

synchronise with video.

Location of force measurement

The main limitation of PowerLine™ is that forces at the pin are presented rather than
at the blade. Large forces and angular velocities at the pin will indicate high rower
powers despite no knowledge of whether this has been transferred as propulsive force
at the blade. At the elite level, where blade work will be skilled, it can be assumed that
the pin forces should reflect blade forces well, but force and power data should
carefully be compared with boat velocity and video footage to ensure that pin forces

and power increases do result in enhanced performance.

120
2 8
s :
© ©
8 3
-70 = 30 EN 50
-10
gate angle () gate angle ()
Figure 6:  Identical force-angle data presented on two different scales.

Past studies have used forms of rower power as key variables for determining rowing
performance (Baudouin & Hawkins, 2002, 2004; Caplan & Gardner, 2005; Kleshnev,
1999; Kleshnev & Kleshnev, 1998; Smith et al., 1994; Smith & Spinks, 1988, 1995) but
as yet, it is not clear whether power calculated from pin force, as provided by
PowerLine™, is an effective tool for on-water ranking of rowers within an elite group.
Although blade force and power would be the ideal measures since the blade is the
origin of propulsion, this is not at present, an accessible variable for regular

biomechanical feedback in elites. The PowerLine™ system has been purchased by
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Rowing New Zealand, is easily installed, and results in minimal or no alteration to the
feel of the boat for the athlete. Thus, it would be beneficial if this form of power was
directly related to boat velocity, but this requires testing. Impulse and work done,
available from force-time and force-angle curve respectively, are possible alternative

tools for this purpose.
Automatic values presented by PowerlLine™

The PowerlLine™ software automatically presents certain values which must be
approached with a certain degree of scrutiny. PowerLine™ catch and finish “slips”
represent the angles after the catch and before the finish through which the blade
moves whilst less than a pre-determined threshold force value is being produced.
Using this definition, reduced “slip” (often considered a favourable alteration because
more stroke length is used for propulsion) will be seen if the blade is “rowed in” with
force applied to the pin before the blade is in the water — not something to aspire to.
Inertial blade forces, created as the blade changes direction at the catch will add to the
gate force reading as well (Ishiko, 1971; Kleshnev, 2002b). These inertial forces are
shown as all force to the left of the red line in the force-time profile in Figure 2. In a
single scull they were found to represent almost 100% of the handle force at the catch
and finish (between 70 and 80 N — approximately 7-8 kgF as presented by
PowerLine™) (Kleshnev, 2002b). Forces from the blade being pressed against the gate

by the rower as they approach the catch will also be included in the gate force reading.

Kleshnev and Baker defined “slip” as the angle through which the blade moves
between its change in direction (at the catch or finish) and the point where the blade is
fully covered — available from synchronised video and angle data (Kleshnev & Baker,
2007a). With this definition, forces on the pin whilst the blade is out of the water, are
not considered. Zero “slip” of this meaning can only really be achieved with a
stationary boat and would create large braking forces if attempted during rowing. This
is because the blade would have to be placed and removed when it was moving slower
than the water relative to the boat. Looking at Figure 7, you can see that the “slip” as
defined by Kleshnev and Baker (2007), is in fact the angles that the blade moves

through during the entry and the release. It may then, be better to rename “catch

44



slip”, “entry degrees” and replace the term “finish slip” with “release degrees”
(Kleshnev & Baker, 2007a). The degree to which the PowerlLine™ values represent

Kleshnev’s values from video analysis is a key area for future investigation.

Regardless of definition, we know that the aim should not be a value of zero, but what
should the value be for effective rowing? The balance is between increasing propulsive
stroke angle (by minimising slip) and reducing braking forces during the entry and
release (by increasing slip). Kleshnev and Baker (2007b) proposed that the blade entry
should be timed so that the blade matches the water speed when it is approximately
50% covered, that the hands should be raised 0.1 s before the catch, and that upwards
force should be applied to the handle to achieve as fast an entry as possible at this
time. In order to prevent back splash and the negative forces associated with it,
Macrossan and Macrossan (2006) suggested a minimum angular velocity of the blade
at the moment of catch (blade first touching the water) to be (v,sin8)/L, where vy is
the boat velocity, L is the outboard and 6, the angle the oar shaft makes with the hull.
This would result in the blade tip velocity relative to the water being parallel to the oar
shaft, avoiding front or back splash, and thus minimizing the negative effects of early

or late entry.

diive

release

catch
} finish

TECOWELY

Figure 7:  Representation of handle path showing time phases (drive, release,
recovery and entry) and time points (catch and finish) of the rowing

stroke, adapted from Nolte (2007).
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Reliability/validity

Feedback from the instrumentation systems is only useful if it can be proved to be
reliable (always reporting the same value if the same force/angle is occurring) and
valid (reporting the actual force/angle that occurs). If there is a 4° inaccuracy, for
example, and a 5° increase in catch angle is reported after a period of training, it
cannot be concluded that a full 5° gain has indeed occurred. The PowerLine™
manufacturers claim accuracy of “better than 0.5°” for the angle measures and, for
the force, to “2% of full scale” (4 kgF) (Peach Innovations). Results of validity and
reliability testing conducted for Rowing New Zealand will be reported as soon as

available.

Conclusions

Although highly disputable areas still exist, the literature highlights characteristics
within force profiles that can be used to assess performance. Effective force profiles
have as large an area as possible under the force-time curve, have a more rectangular
than triangular shape (comprising of a high rate of force development and
maintenance of force as close to peak as possible for as long as possible), are as
smooth as possible, display coordination of crew members (precision depends on
boat-type with notable differences between seats in a pair, but it is generally thought
that crew members should synchronise force profiles, particularly in shape), and are

generally believed to have a peak force in front of the perpendicular.
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CHAPTER 3 — QUANTIFYING CATCH TECHNIQUE: A
REVIEW OF LITERATURE

This chapter comprises the following paper presented as a technical report to Rowing

New Zealand.

Coker, J.,, Hume, P. A, & Nolte, V. (2010). Quantifying catch technique in elite
scullers: A review of literature (Technical report for Rowing New Zealand). (pp. 1-
16). Auckland: Institute of Sport and Recreation Research New Zealand, Auckland

University of Technology.

Overview

There are various methods of quantifying sculling catch technique, but the pros and
cons of each method and their relationship with performance (as measured by boat
velocity) are unclear. The aim of this report was to review methods of quantifying
catch slip technique for scullers. Peer-reviewed journals, books, theses, and
conference proceedings published since 1960 were searched using SportsDiscus, ISI
Web of Knowledge, and Google Scholar data bases resulting in 35 references being
reviewed. Keywords searched included ‘rowing and biomechanics’ and ‘rowing
technique’. Three alternative methods for quantifying catch technique to the familiarly
used video analysis technique are presented. These are angular displacement and time
from the minimum angle to: 1) 20 kgF; 2) 30% of peak force and; 3) positive boat
acceleration. Advantages and disadvantages for each method are discussed and it is
shown that, to some extent, each method measures a different aspect of catch
technique. A novel approach using polar plots for giving feedback on these data to
athletes is also outlined. There are clear limitations to all of the presented methods of
quantifying catch technique and so clarification is needed regarding how the variables
resulting from each method relate to the performance criterion, boat velocity. Future
studies should therefore aim to quantify this relationship and investigate how to best
relay these objective data to athletes for effective technique improvement.
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Introduction

Possibly the most challenging part of the sculling stroke cycle to master, the catch is
the blade’s entry into the water, forming the transition between the recovery and
drive phases of the stroke (Richardson, 2005). Technique at the catch will affect the
forces acting on the boat and blade during the entry and early drive phases, and poor
technique will cause the boat to decelerate and decrease the run of the boat, reducing
sculler effectiveness (Richardson, 2005). A sculler’s catch technique will also influence
how much of their overall reach (or total angle) contributes to propulsion of the rower-

boat-blade system.

When tracking athlete improvements and/or coaching effectiveness it is crucial that
any changes in technique can be identified and quantified and that objective
information feedback can be given (Spinks & Smith, 1994). The angle through which a
blade moves towards the stern of the boat after the catch position whilst it is not
propelling the system has been used for this purpose when focusing on catch
technique, and in past literature has been called “catch slip”, or “wasted catch angle”.
We will refer to this concept as catch slip in this paper. Ambiguity then lies in the
definition of when the blade starts to propel the system and as a result, various
methodologies using time and/or angular displacement of the blade to a certain force
value, vertical blade angle, or visual blade position have been used to quantify the
catch slip values (Kleshnev, 1999, 2002a; Kleshnev & Baker, 2007a, 2007b; Smith et al.,
1994).

The aim of this literature review was to review methods of quantifying catch slip
previously used to analyse catch technique for scullers and investigate whether any
previously unpublished methods may be more appropriate in future experimental

studies.

Methods

Peer-reviewed journals, books, theses, and conference proceedings published since
1960 were searched using SportsDiscus, I1SI Web of Knowledge, and Google Scholar

data bases. Keywords searched included ‘rowing and biomechanics’ and ‘rowing
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technique’. Originally 500 articles were found. Articles were then excluded if they did
not have at least an English abstract, or if they did not include analyses of on-water

catch technique. Thirty five references were included in the final review in total.

Findings

1. Why is catch technique important?

1.1 Maximising stroke length

Boat velocity is the product of the distance that the boat travels per stroke (stroke
distance) and the stroke frequency (stroke rate) and the most effective way to increase
boat velocity is to increase stroke distance whilst maintaining a sufficient stroke rate,
particularly in sculling boats (Kleshnev, 2001c; Martin & Bernfield, 1980; Smith &
Loschner, 2002). Energy given to the boat during the stroke is the product of the forces
acting on the pin and the distance over which they occur, therefore more energy will
be given to the boat each stroke at the same average force if the arch through which
the oar is displaced whilst it is in the water is increased (“effective stroke length”).
Stroke distance and boat velocity will therefore be related to effective stroke length. In
past literature a longer stroke has been associated with increased performance whilst
long wasted catch angles were seen to be key parameters in distinguishing lower
performance level rowers (McBride, 1998; Nolte, 1991; Richardson, 2005; Smith et al.,
1994). It is consequently crucial that rowers aim to minimise their wasted catch angles

and utilise the full length to which they can reach, maximising propulsive drive length.
1.2 Maximising blade lift forces

The phases of the drive where the blade is furthest from the perpendicular point are
also particularly important in taking full advantage of lift forces occurring at the blade.
To appreciate this idea we must understand how the blade creates propulsion. In the
early and latter stages of the drive, the blade is known to act as a hydrofoil as it moves
forward through the water, creating a lifting force with a large component in the
direction of boat movement (Caplan & Gardner, 2007b; Nolte, 1993). During the mid-

drive however, lift contributes less to propulsion, but increased drag force at the blade
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allows the boat to be propelled (Affeld, Schichl, & Ziemann, 1993; Pulman, 2004).
Therefore, to use the rower’s energy more effectively, high lift forces should be
achieved at the start and end of the drive (dependent upon the angle of attack and
velocity of the blade relative to the water) and high drag forces on the blade in the
mid-drive (Caplan & Gardner, 2007a; Pulman, 2004). A theoretical optimal efficiency
exists during the drive with maximal values at the catch and finish of the stroke, and
even when presenting measured as opposed to theoretical efficiency values, the peak
occurs not at the perpendicular point, but earlier in the drive, as shown in Figure 8

(Affeld & Schichl, 1985).
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Figure 8:  Theoretical efficiency at different oar angles during the drive phase and
measured efficiency from a Macon blade. The oar position perpendicular

to the boat is at 0° (adapted from Affeld and Schichl (1985)).

The existence of higher efficiency values in the early and latter phases of the drive can
explained in the following way; for the same propulsion, the same amount of impulse
must be given to the water which can either be achieved with a small mass of water at
a high velocity or a large mass of water at a lower velocity (Young, 1997). Because
kinetic energy is a quadratic function of velocity, the small mass, high velocity situation
(stalled blade) results in more kinetic energy being transferred to the water for the

same impulse. Using lift to propel the boat, as opposed to resistance against a stalled
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blade, therefore increases hydrodynamic efficiency (Young, 1997). The highly efficient
early phase of the drive should therefore not be wasted by poor technique at the

catch.
1.3 Minimising braking forces

Late entry will result in a long wasted catch angle, reducing effective stroke length.
However, “wasted” catch angle can never be zero - at the catch the blade has zero
horizontal velocity relative to the boat and in a moving boat would thus create
stopping forces if already in the water (Kleshnev & Baker, 2007a, 2007b). Equation 1
has been presented as an expression for the minimum angular velocity of the blade at
the moment of catch (blade first touching the water) in order to avoid backsplash and

negative forces on the blade (Macrossan & Macrossan, 2006).

Equation 1: g = (v, sinB)/L

L is the outboard length, Vy, is boat velocity, and 8 is the angle the oar shaft makes
with the hull. This theoretical model is based on the fact that to minimise wasted catch
angle whilst avoiding back splash, the blade must enter the water just as the angle of
attack on the blade would be 0°. This means that at this moment the vector of water
velocity relative to the tip of the blade is parallel to the shaft. The velocity of the tip of
the blade is the sum of the vectors for boat velocity and tangential velocity of the
blade relative to the boat (see Figure 9). It can be seen in Figure 9 that in order for the
blade tip velocity to be parallel to the oar shaft the rower must be precise with the
horizontal angular oar velocity that they create — if this velocity is too high, the
resultant blade tip velocity does not act parallel to the oar shaft and would cause
“front splash”, wasting length at the catch and reducing efficiency by giving energy to
the water. In order to calculate the desired horizontal angular oar velocity we can,

rearrange Equation 1 to result in Equation 2.

Equation 2: v, sing = BL

It will, however, take a period of time for the blade to move vertically to the fully-
covered position. Equation 2 can be satisfied throughout the blade entry with

substitution of instantaneous oar angle instead of catch angle for $ but it is
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questionable whether this high level of precision is achievable. Elite rowers have been

observed to compromise by moving the blade vertically as quickly as possible during

entry, and satisfying Equation 2 when the blade is 50% buried, matching the velocity

of the water relative to the boat at this point (Kleshnev & Baker, 2007b).

A. High horizontal angular velocity of blade at catch

Figure 9:

A}
\‘\. Blade tip velocity
BL ‘.not parallel to shaft

i N

\'\_ Blade tip velocity
BL \'\‘ parallel to shaft

Instantaneous velocity of the tip of the blade (red line) is the vector sum
of boat velocity (Vy), and tangential velocity of the blade tip relative to the
boat (BL). For the same boat velocity and oar angle (0) it is shown that
with a lower angular velocity (in B versus A), the blade tip velocity is
parallel to the oar shaft (adapted from Macrossan (2006) and Nolte
(1984)).
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2. How can catch technique be quantified?
2.1. Angular displacement/time of blade entry

Catch slip has been defined as the angle through which the blade moves between its
change in direction and the point where it is fully covered (Kleshnev & Baker, 2007a).
This method is commonly used by coaches in semi-quantitative visual analysis,
counting the number of frames between the apparent catch position and the point
where the blade is covered. Values of this variable (termed catch slip) using measured
rather than apparent catch position have been presented relating to good and very
good performers (Kleshnev, 2007a). These data could ideally be compared to current
scullers’ performances but a number of limitations are associated with this method.
Firstly, the blade need not be fully covered for it to be propelling the boat and this
method for quantifying catch slip discards the potential for effective work during the
entry phase. Also, the accuracy of this method using standard 25 Hz video cameras, as
in the work of Kleshnev (2007), is limited due to significant displacement of the blade
occurring between frames. Finally, the visual version of this method is more time
consuming for coaches to perform than obtaining variables available automatically
from systems such as PowerLine™. For Rowing New Zealand, ideally, the relationship
between the commonly used and documented video analysis version of catch slip and

the automatic PowerLine™ catch slip should be known.
2.2. Angular displacement to a forc