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Prologue

Chapter 1

Prologue
I remember the first time I sat in a rowing boat. Trying to maintain my
balance in this long and narrow boat, my oars far extended, I noticed that the
slightest movement of my hands had a substantial effect on the movements of the
boat. At first, it was difficult to maintain balance in a long and narrow boat,
pushing off against the blades that also give you stability on the water, let alone
levering them above the water during the recover. But after years of training, I
became so attuned with my boat that it felt like it had become part of me. I felt
how the blades entered the water as if I was touching the water with my hands
and despite of ever changing water and wind, I was able to move powerfully and
accurately and account for perturbations such as hitting a wave without having to
think about it. Later I started rowing with others in a crew, and although this could
be a frustrating experience when we were not attuned to each other (being
moved around in the boat, perturbed in my motions), I also experienced rowing
together with someone else as if we were one. I barely noticed the movements of
my partner because our movements were complementing each other perfectly,
which felt like the effects of our actions on the boat were amplified. With every
stroke, we explored the dynamics of our social-physical system that not only
encompassed me and the boat, but also my partner(s) and over many successive
strokes it started to feel as if we were all part of the same system.
It is not surprising that crew rowing is often quoted as one of the most
expedient examples of team work, joint action and interpersonal coordination.
Rowers in a crew are able to coordinate their movements to perfect precision
while moving in unison with up to seven others, even when they row at maximum
effort and stroke rate. As a spectator, you see one crew, one boat, rather than
individual athletes. But how do these individual athletes coordinate their
movements with one another? In the case of single scull (individual) rowing, there
is one agent that controls the system of rower and boat. In a rowing crew, agency
is shared over multiple rowers. There is no hierarchical control, but rather the
behaviour of the crew emerges from the interactions of the components (i.e.,
individual rowers and boat) that constitute the system. An example to illustrate
how behaviour in such a system arises can be found in the swirls that emerge in
water when boiled in a kettle1: the movement of the water emerges both from
the individual movements of the molecules that move faster and upwards as they
get heatened from the bottom and in return, is the collective behaviour of the
water molecules that determines the direction of the swirls. As such, the system
is self-organising, that is, not dependent on hierarchical control (see e.g., Kelso,
1

See https://www.youtube.com/watch?v=0xcxumccf8Q&frags=pl,wn

12

1995). Likewise, the behaviour of the crew emerges from the behaviour of the
individual rowers that constitute the crew, and in turn the behaviour of the
individual rowers is constrained by the collective behaviour of the crew as a whole.
Thus, the behaviour of the crew is self-organising and transcends the individual
contributions of the rowers.
As races are often won in margins as close a hundred of a second (O’Brien,
2011), it is evident that simply combining the strongest and most technically
skilled rowers is not enough; only a crew that is well attuned to each other can
facilitate each other’s movements, allowing them to maximize their power output
and minimize power losses, so that power is most effectively and efficiently
converted into boat speed. As such, it is the behaviour of the crew as a whole that
determines crew performance. Remarkably, at the start of this research project,
scientific studies that focused on crew rowing were rather limited (e.g., Badouin
& Hawkins, 2004; De Brouwer, De Poel, & Hofmijster, 2013; Hill, 2002; Hill &
Fahrig, 2009; Millar, Oldham, & Renshaw, 2013; Seve, Nordez, Poizat, & Saury,
2011; Wing & Woodburn, 1995). Although since then more studies on crew rowing
have appeared (e.g., R’Kiouak, Saury, Durand, & Bourbosson, 2016; Seifert, Lardy,
Bourbousson, Adé, Mordez, Thouvarecq, & Saury, 2017; Feigean, R’Kiouak,
Bootsma, & Bourbousson, 2017) this is still little in comparison to the body of
research that considers individual rowing.

Coordination Dynamics

The example of the water that is boiled in a kettle is a typical example of
a dynamical system. In a dynamical system, order emerges from the interactions
between the components that constitute the system (hence ‘co-oordination’).
Synchronisation processes, such as crew rowing, can be modelled as a system of
coupled oscillators – which is fitting as a rower repeats the same cyclical
movement as well. For synchronisation to arise, the components in a coordinative
system need to be coupled, which allows the oscillators to interact with one
another and influence each other’s movements. In a similar way, the rowers in a
crew are coupled, both perceptually (able to perceive each other’s movements)
and physically (through the boat that they share). As such, a dynamical systems
approach, and more specifically, coordination dynamics provides particularly
fitting theoretical perspective to study the behaviour of the rowing crew as a
whole (Chapter 2).
Haken, Kelso and Bunz (1985) modelled a system of coupled oscillators to
capture within-person synchronization processes as observed in Kelso (1984).
Kelso observed that when people moved their fingers in in- and antiphase
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coordination2, coordinative stability decreased with an increase in movement
frequency. At a certain frequency, the antiphase pattern became unstable,
resulting in a transition to the still stable in-phase pattern. As this transition was
approached, critical fluctuations became apparent, reflected in an increase in
variability of relative phase, which signifies the decrease in stability of the
coordination pattern (Kelso, Scholz, & Schöner, 1986; Schöner, Haken, & Kelso,
1986). When movement frequency is increased starting in in-phase coordination,
no shift towards antiphase occurred, as the system was already in the most stable
coordinative state. The dynamics of these observations in Kelso (1984) were
captured by the HKB-model, describing the rate of change in relative phase angle
(𝜙𝜙̇) between limbs in terms of coupled oscillators (Haken, et al., 1985; Schöner et
al., 1986):

𝜙𝜙̇ = −𝑎𝑎 sin 𝜙𝜙 − 2𝑏𝑏 sin 2𝜙𝜙

(Eq. 1.1)

with a affecting the attractor strength of in-phase coordination and b affecting the
attractor strength of both in- and antiphase coordination. People are generally
able to stably perform two coordinative modes: in-phase coordination (φ = 0°) and
antiphase coordination (φ = 180°). Other coordinative modes are unstable without
training (Wilson, Collins, & Bingham, 2005; Kostrubiec, Zanone, Fuchs, & Kelso,
2012; Schöner & Kelso, 1988; Zanone & Kelso, 1992). As such, in- and antiphase
coordination may be considered as attractor states of a system, towards which
the behaviour of the system is pulled. The attractor strength of both in- and
antiphase coordination, is influenced by movement frequency and can be
visualised as an attractor landscape with hills that repel, and valleys that attract,
certain coordinative states. With an increase in movement frequency, the
attractor landscape changes shape: the attraction to in- and antiphase decreases,
even more so for antiphase. At a critical frequency, the attractor to antiphase
vanishes and the system transitions to the remaining stable in-phase attractor.
It has been shown that coupled oscillator principles not only apply to
within- but also to between-person synchronisation processes (e.g., Richardson,
Marsh, Isenhower, Goodman, & Schmidt, 2007; Schmidt, Carello, & Turvey, 1990,
Schmidt, Bienvenu, Fitzpatrick, & Amazeen, 1998; Schmidt & Richardson, 2008).
Laboratory interpersonal tasks demonstrated that when two people are
rhythmically coordinating their limbs, they show behavioural phenomena
A coordination pattern (e.g., in- or antiphase) can be expressed by the relative phase (φ) between
two rhythmically moving components (Haken et al., 1985). The relative phase indicates the
difference in phase (𝜃𝜃) between the rhythmically moving components; a relative phase of 0°
indicates no difference in phase and thus perfect synchronisation, while a relative phase of 180°
indicates half a cycle difference (i.e., perfect syncopation).

2
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identical to those found in bimanual interlimb coordination, as modelled by the
HKB-model (Schmidt & Richardson, 2008). For instance, an experiment in which
seated participants were instructed to coordinate their lower legs in in- and
antiphase coordination at an increasing frequency (Schmidt, Carello, & Turvey,
1990), showed that the stability of in- and antiphase decreased with movement
frequency which at a critical frequency yielded a transition from anti- to in-phase
coordination, which is also shown in other laboratory tasks, such as rocking chairs
(e.g., Richardson et al., 2007), moving a joystick (e.g., Temporado & Laurent, 2004)
and moving fingers rhythmically (e.g., Oullier, De Guzman, Jantzen, Lagarde, &
Kelso, 2008). Even without being aware of doing so (i.e., without the explicit
instruction to synchronise) people tend to synchronise their movements with each
other (Harrison & Richardson, 2009; Schmidt, Fitzpatrick, Caron, & Mergeche,
2011). Participants that were instructed to swing a pendulum back and forth at a
comfortable pace while jointly performing a problem-solving task and looking at
each other’s pendulum movements unintentionally tended to synchronise the
swinging of their pendulums in in- and antiphase coordination (Schmidt & O’Brien,
1997). Participants tended to synchronise the rocking of their rocking chair,
depending on the perceptual interaction between the participants (Demos,
Chaffin, Begosh, Daniels, & Marsh, 2012), even if these rocking chairs have a
different eigenfrequency (i.e., preferred movement frequency; Richardson et al.,
2007). Together, this demonstrates that the dynamical organising principles as
modelled by the HKB-model and extensions thereof transcend within person
coordination and extend to social interaction as well, as long as the components
(agents) in the (social) system are coupled (i.e., interacting, see Lagarde, 2013).

Crew rowing

Although the generalisability of dynamical organising principles as
modelled by the HKB-model to interpersonal coordination is well supported in
laboratory tasks (e.g., Richardson et al., 2007; Schmidt et al., 1990; Temprado &
Laurent, 2004; Oullier et al., 2008), swinging pendulums and rocking chairs in
synchrony remain artificial tasks that are performed in a laboratory environment.
An important endeavour would be to test these principles in a naturalistic, real life
task, grounded in the natural environment. As crew rowing is a real-life task in
which it is functional, rather than instructed, to synchronise, it provides an
expedient experimental task to study such synchronisation processes further. In
the current dissertation, we test crew rowing both in the natural environment on
the water (Chapter 3, 6 and 7) and in a more controlled laboratory environment
(Chapter 4 and 5), using coupled ergometers on slides to mimic the boat on the
water. We aim to test whether dynamical organising principles also hold in natural
tasks that are grounded in the environment and for which it is functional to
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synchronise. The crew rowing task also provides an opportunity to further
investigate the effects of coupling between the agents of a social system. In the
system of a rowing crew, the rowers are not only perceptually coupled, but also
physically through the boat that they share. This means that there is an exchange
of forces between the rowers via the boat, much like metronomes that are jointly
placed on a moving base3 (Pantaleone, 2002; see Kapitaniak, Czolczynski,
Perlikowski, Stefanski, & Kapitaniak, 2012 for a review). The movements of a
metronome set the moving base into motion, and thereby the other metronome
as well. Similarly, in the system of a rowing crew, each rower is passively moved
by the forces that their crew members apply onto the boat. As such, rowers are
not just perceptually (e.g., visually, auditory and haptic/kinaesthetically) coupled,
but also mechanically through interaction forces via the boat. While many real life
joint action tasks also encompass such force-exchanges between the agents of a
social system (e.g., in dance, martial arts, or while moving furniture, see e.g.
Lanini, Duburcq, Razavi, Le Goff, IJspeert, 2017; Sofianidis, Elliott, Wing, &
Hatzitaki, 2014), most interpersonal coordination dynamics research focuses on
perceptual coupling (e.g., Schmidt & Richardson, 2008 and Schmidt et al., 2011),
leaving the effect of mechanical coupling relatively unexplored (for notable
exceptions, see Harrison & Richardson, 2009 and Marmelat & Delignières, 2012).
In return, coordination dynamics also provides an expedient theoretical
framework to further understand the behaviour of a rowing crew, even beyond
the conventional in-phase crew coordination (Chapter 2). The interest in the
dynamics of different coordination patterns may actually be more relevant for
crew rowing than one may initially think. That is, it has been suggested that crew
performance may benefit from rowing in an antiphase pattern.

Antiphase crew rowing

Although traditionally crews always row in in-phase coordination, it has
been suggested that crews may be able to minimise within cycle velocity
fluctuations by rowing in antiphase (e.g., Brearly, DeMestre, & Watson, 1998;
Greidanus, Delfos, & Westerweel, 2016). The rowing cycle starts with the placing
the blades into the water (the ‘catch’) after which they propel the boat forward
during the drive by applying pressure on the blades. At the end of the drive, the
rowers move their blades out of the water (the ‘finish’) and return to their initial
catching position during the recover, while levering the oars above the water. Due
to the nature of the rowing cycle, the boat is only propelled forward during half of
An illustration of synchronisation between metronomes can be found here
http://www.youtube.com/watch?v = yysnkY4WHyM and here http://www.youtube.com/watch?v
= kqFc4wriBvE
3
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the rowing cycle, which causes velocity fluctuations of the boat. By alternating
their strokes (and thus propulsive phases), rowers would in theory be able to
propel the boat more continuously through the water and minimise power losses
due to velocity fluctuations with 5-6% (Hofmijster, Landman, Smidt, & Van Soest,
2007). It has been suggested that for an eight this may result in a gain of more
than a boat length on a 2000 m race (Brearly et al., 1998). Although over the
course of a century, a number of antiphase rowing try-outs were done that were
generally regarded successful (see ‘Out of phase crew rowing in the past’), it
remains unclear whether antiphase rowing indeed works, and, most importantly,
why it works (or not).
Out of phase crew rowing in the past
Although rowing in antiphase may seem a curious idea, other coordinative
patterns than in-phase coordination have been considered in the past. In the
1930’s, several experiments were done in England, of which footage1 is still
available. As can be seen in the movie, the crew was divided into four pairs that
rowed with a quarter cycle difference from each other. This ‘Jazz-rowing’, as it was
called, was inspired by the four-stroke engine, that is able to produce more power
with the pistons moving out of phase. Although the experiments were regarded
successful (there were even plans to build a special syncopated boat – which was
not realised due to the financial aspect of it, e.g., The Daily News, 1929; Dodd,
2006), they also received a lot of criticism (e.g., Northern Star, 1929; Western Mail,
1929) and finally the experiments were abandoned.
Rumour has it that the Russians also tried the antiphase rowing in the ‘70’s
in the Sovjet Union. Although a special boat, the “Dzintars”, was built by Latvia in
Riga, it was not clear whether the Russians indeed placed the coxswain in the
middle to introduce extra space so that the oars would not collide, or that this was
simply done to place the center of mass of the coxswain in the middle (Martinova,
2001). When I was visiting Boston, I met Nikolay Kormakov, a former Ukrainian
and Sovjet rower (1973-1976) and later coach (1977-1992), who now lives in
Boston. At the men’s training camp during the rowing season of 1976 in
Azerbeidjan (the rowing headquarters at the time), he indeed saw a crew rowing
in antiphase in a double scull. Although at the time scientific research was done
by the Soviet Rowing Association using a measurement system that could measure
boat speed and pressure on the blades and footboard, as far as Kormakov knows,
no measurements were done on the antiphase rowing. This is surprising, as they
went through the trouble to build a special antiphase boat and given that there
was a measurement system available (Cuijpers, 2017).

17

Conclusions

In the current dissertation, crew rowing is used as an experimental
paradigm to gain a deeper understanding of interpersonal synchronisation
processes. As crew rowing is a real-life task in which it is functional (and thus
meaningful, rather than just instructed) to synchronise movements, it is an
expedient experimental task to study interpersonal synchronisation processes.
The system of rowers and boat allows for manipulation of different aspects of the
system at the level of components (e.g., detuning), the interaction (e.g., coupling
strength or modality) and the common level (e.g., different coordination
patterns). While the laboratory setup of coupled ergometers (see e.g., Chapter 4)
allows more controlled experimentation in the lab, the results obtained in the lab
can also be verified in the natural environment on the water. Like many
interpersonal tasks, rowing does not only involve perceptual, but also mechanical
coupling (i.e., there is a force exchange between the rowers, see Chapter 5).
In return, coordination dynamics (Kelso, 1995) may provide a well-suited
theoretical approach to study synchronisation processes in crew rowing,
especially given the relevance of coordination dynamics related issues, such as the
stability of coordinative patterns, preferred movement frequency and coupling in
crew rowing. This may provide a deeper understanding of crew performance, not
only for the traditional in-phase, but also for the more experimental antiphase
crew coordination. Given the theoretical benefits of rowing in antiphase, it seems
worthwhile to study the stability of antiphase crew synchronisation at high
movement frequencies and the mediating role of (mechanical) coupling on the
stability of antiphase rowing. If the antiphase crew coordination proves to be
stable enough at high movement frequencies, this may have major implications
for both coordination dynamics and rowing practice. As such, crew rowing as
experimental paradigm may provide a deeper understanding of synchronisation
processes in coordination dynamics and provide insights for crew rowing practice
as well.
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Overview of the dissertation
Chapter 2 discusses crew rowing as an archetype for interpersonal
coordination, and proposes that the theoretical perspective of coordination
dynamics offers expedient tools for analysing crew coordination. Implications
from (and for) coordination dynamics for rowing crew coordination are
considered such as movement rate, coordinative patterns and switches, individual
differences between the rowers (cf., detuning), and coupling.
Chapter 3 addresses the hypothesis that if rowers perfectly synchronize their
movements, detrimental boat movements can be minimized, which would result
in an optimised conversion of the power that rowers produce into boat speed.
Chapter 4 considers whether increasing stroke rate indeed results in a loss of
stability of crew coordination and whether this results in transitions from anti- to
in-phase crew coordination.
Chapter 5 proposes that the mechanical coupling through the boat that the
rowers share is a rather stringent form of coupling, as the rowers are passively
being moved next to the haptic (perceptual) coupling. This is expected to stabilize
coordination through an increase in coupling strength.
After promising results from the lab studies in preceding chapters, Chapter 6
provides a first case study on trying antiphase rowing on-water.
Chapter 7 tests if rowers are able to row in antiphase on the water when trying
for the first time and verifies whether rowing in antiphase indeed decreases
detrimental movements of the boat and results in faster racing times.
Finally, the implications of these studies for coordination dynamics and crew
rowing practice are discussed in Chapter 7.
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Crew rowing: an archetype of
interpersonal coordination

Chapter 2

Harjo J. de Poel, Anouk J. de Brouwer, & Laura S. Cuijpers (2016). Crew
rowing: an archetype of interpersonal coordination. In: Interpersonal
coordination and performance in social systems. Passos, P., Chow, J.Y., Davids,
K., editors. Routledge, 140-153.

Abstract
Crew rowing is often adopted as a pertinent example regarding
synchronization of cyclical movements, as well as for inter-individual functional
synergies and group processes in general. Given an extant nonlinear model of
coupled oscillators, the theoretical perspective of coordination dynamics offers
expedient tools for analysing between-rower interactions and their
underpinnings. In this chapter, we therefore describe how coordination dynamics
can be applied to crew rowing. We will discuss implications from (and for)
coordination dynamics for rowing crew coordination regarding issues such as
movement rate, different interpersonal coordination patterns, pattern switches
(both intended and unintended), individual differences between the rowers (cf.,
detuning), and strength of coupling. These issues are illustrated and supported
alongside previous studies on interpersonal coordination and crew rowing, as well
as some recent results from on-water and off-water (pilot) experiments by our
lab. Together this underwrites crew rowing as archetype of interpersonal
coordination dynamics.
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Introduction
Coordinating our actions with others is paramount in our daily lives.
Between-person coordination is important for functional cooperative behaviour
of a group of people, but also when the interaction between people is
competitive. Regarding the group dynamics of a team of agents that has to
cooperate (for instance cooperation with colleagues at work, or within a sports
team), the behaviour of the multi-agent system as-a-whole emerges as a function
of the cooperative interactions between the agents that constitute the system.
For obvious reasons, team managers, coaches, etc., seek to optimize team
performance as well as the performance of each individual within the context of
that multi-agent system. In that respect, an often-used model of perfect withinteam tuning is the rowing crew; managers often proclaim to members of their
team that in order to achieve optimal (productive) performance their work efforts
should be ideally synchronized, just like it works for a rowing crew. Also in
scientific literature, crew rowing is often adopted as an archetypical, natural
example to illustrate, explain and examine joint action, interpersonal coordination
dynamics, and synchronization (e.g., Keller, 2008; Marsh, Richardson, & Schmidt,
2009; Richardson, Marsh, Isenhower, Goodman, & Schmidt, 2007) and group
processes in general as well (e.g., Ingham, Levinger, Graves, & Peckham, 1974;
King & De Rond, 2011). Yet, as direct scientific examination of crew coordination
is limited, it appears that the example of crew rowing is often adopted in a merely
metaphorical manner.
To examine interpersonal interactions, the theoretical framework of
coordination dynamics (for a general overview see, e.g., Kelso, 1995) offers
expedient analysis tools. Using models of coupled oscillators, this approach is
particularly well-suited for investigating cyclical movement behaviour. The cyclical
nature of the rowing act, and the fact that it has to be performed in unity with
others in the same boat, thereby offer crew rowing to be arguably one of the most
relevant and exemplary real-life tasks concerning interpersonal coordination
dynamics. Hence, inspired by studies of inter-personal coordination dynamics
(e.g., Richardson et al., 2007), the purpose of the current chapter is to outline crew
rowing within the pertinent theoretical framework of coordination dynamics,
alongside some recent empirical work in this context. In doing so, we aim to
demonstrate the expediency of coordination dynamics for crew rowing and vice
versa. First, we briefly introduce the essentials of the sport of crew rowing and
address previous studies that investigated crew coordination in rowing. Second,
relevant concepts and issues in coordination dynamics will be elaborated on and
then applied to crew rowing.
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Crew Rowing

Rowers perform a cyclic movement pattern in which the legs, trunk, and
arms partake in a synchronized fashion in the propulsion of the boat. Each rower
is seated backwards in the boat and uses a single oar (sweep rowing) or two oars
(sculling) to propel the boat. It is important to recognize that each stroke cycle
consists of a propulsion phase (or drive) and a recovery phase. In the drive phase,
a rower (sitting on a sliding seat) pushes off against the footboard (attached to the
boat) using primarily the strong leg extensor muscles, while pulling on the oar(s)
with the oar blade(s) in the water. At the ‘finish’ of the drive, the arms release the
blade(s) from the water. In the recovery phase, the rower returns to the initial
position by sliding forward on the seat with the blade(s) out of the water, to
reposition the oar(s) for the next stroke. Then, at the so-called ‘catch’, the blade(s)
enter(s) the water again so that a next stroke can be performed. As we will see
later, the existence of a drive phase and a recovery phase and, accordingly, the
movement of the rowers’ center of mass relative to the boat due to the sliding
seats, have a great influence on boat velocity.
In competitive rowing, the goal is to cover a course of 2000 meters as fast
as possible, preferably faster than opponent crews. To achieve a high average boat
velocity, maximizing power production is of course a prerequisite, while the crew
also needs to minimize the power losses. In other words, rowers produce power
to propel the boat via the oars, but at same time they want to lose as little as
possible of the produced power to, for instance, slippage of the blades in the
water. As such, a proper and fluent technique is required for efficient power
application.
In crew rowing, even a team of individually strong and technically skilled
rowers will probably not win races if they do not properly coordinate their
movements with each other (O’Brien, 2011). Hence, they also have to develop an
efficient ‘crew technique’. Both in rowing practice and rowing science, mutual
synchronization is generally regarded as a main determinant for optimal
performance of a given crew (e.g., Hill, 2002; Wing & Woodburn, 1995). The
overall idea is that when the crew is moving perfectly in sync, the power the
rowers produce is optimally converted into forward velocity, mainly because it
reduces unwanted boat movements (e.g., Hill & Fahrig, 2009). Indeed, if the
overall forces at the blades are unbalanced and/or applied with imperfect mutual
timing, this would cause net torques around the center of the boat, which entails
dispensable rolling, yawing, and pitching of the boat (Baudouin & Hawkins, 2002).
Poor synchrony would thus involve additional movements that disturb the balance
of the boat, elongate the travelled distance of the boat, and create greater
hydrodynamic drag.
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Together, the general opinion of researchers and coaches is that to
maximize average velocity, a crew must optimize their synchrony. The question
arising then is how well do rowers in a boat synchronize? And how can we
measure and analyse that? This knowledge could be very relevant for optimizing
performance. Obviously, expert crews are expected to demonstrate better, more
consistent synchronizing patterns than crews with less expertise. Besides, despite
the well-known natural tendency for coupled systems towards synchronization
(Kelso, 1995), it is also important to realize that rowing in sync does not simply
come naturally. In fact, freshmen crews often need some months of training to
achieve a common rhythm and require years of training to reach a desired expert
level of synchronization. This calls for methods and concepts that allow for
examination of such crew synchronization processes, and how this changes over
time as a function of practice and other factors and interventions (e.g., crew
member changes, boat velocity, etc.).
One way is to analyse the crew’s synchronization from force
measurements, for instance the force applied to the oars or blades over time.
Although studies showed that rowers display an individually characteristic forcetime pattern, varying the combination of rowers within a crew led the force-time
profiles to be correlated with those produced by the other crew members, clearly
indicating that rowers adjusted their behaviour to the crew (Baudouin & Hawkins,
2004; Hill, 2002; Wing & Woodburn, 1995). Furthermore, from force data of 180
successive strokes (at a stroke rate of about 18 strokes/min) for four rowers in an
eight, Wing and Woodburn (1995) determined stroke onset times (i.e., catch) and
saw that the degree of correspondence in catch timing between all four rowers
was remarkably accurate, namely within a range of 10-20 ms. Furthermore, they
analysed between-rower cross-correlations of peak forces, drive duration and
recovery duration. Somewhat surprisingly, only the recovery durations positively
correlated between rowers, while the drive durations did not, suggesting that
crew synchronization varies within the stroke cycle. In line with this finding, based
on force data, Hill (2002) found that timing differences between rowers in a boat
(in this case coxless fours: crews of four sweep rowers without a coxswain) were
generally smaller for the catch than for the finish for endurance intervals (at 2325 strokes/min; 14.2 ms and 25.8 ms, respectively) and intensive intervals (at 3141 strokes/min; 11.2 ms and 21.7 ms, respectively). In addition, this tentatively
suggests that crew synchronization improved at higher stroke rates (see section
‘Movement frequency’ for further discussion of the impact of stroke rate).
Another way is to analyse crew coordination based on movement data,
such as trunk movement, oar angles, and/or displacement of the sliding seat. For
instance, in a case study on a coxless pair with a self-indicated ‘dysfunction of crew
coordination’, Sève, Nordez, Poizat, and Saury (2011) used the turning points in
the oar angles to determine the onset differences between the rowers for each
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stroke. With such analysis, the authors were able to depict systematic differences
in the interpersonal coordination of the catch times and entry angles of the oars,
which allowed the pair’s coaches to define new training objectives to remedy the
imprecisions in the pair’s coordination.
Apart from determining discrete features for each stroke, analysis of
movement data implies that coordination can also be determined for the whole
cycle and not solely for the drive phase, as is the case with force data. As such, an
instantaneous and continuous measure of synchronization can be determined.
Motivated from coordination dynamics, crew coordination can be displayed by
the relative phase (ϕ) between rowers. In short, this measure depicts the
difference between two rowers in terms of where they reside in their respective
stroke cycle. If the relative phase equals zero, the rowers are exactly synchronous,
whereas the amount of variation of the relative phase over time indicates the
degree of consistency of crew coordination. Recently, this has been adopted in
rowing experiments in the laboratory (De Brouwer, De Poel, & Hofmijster, 2013;
Cuijpers, Zaal, & De Poel, 2015); Varlet Filippeschi, Ben-sadoun, Ratto, Marin,
Ruffaldi, & Bardy, 2013) and on water (Cuijpers, Passos, Hoogerheide, Murgia, &
De Poel, 2017). We will involve these studies in the discussion of coordination
dynamics related to crew rowing, which will be done in the subsequent
paragraphs.

Coordination dynamics and crew rowing

In general, coordination dynamics encompasses the study of coordinative
patterns, that is, how patterns of coordination form, adapt, persist and change
over time. This approach (e.g., Haken, Kelso, & Bunz, 1985; Kelso, 1995) offers an
expedient framework for studying rhythmic coordination, in which the (in)stability
of coordinative patterns is explained with reference to the coupling between the
components that comprise the system. Most importantly for the purposes of the
present chapter, it offers a well-established non-linear model of coupled
oscillators, known as the Haken-Kelso-Bunz model, or HKB-model, that captures
key properties and phenomena of isofrequency (i.e., identical movement rates)
coordination (Haken et al., 1985). Although the HKB-model was originally
developed for rhythmic bimanual coordination (i.e., within-person coordination),
to date many studies have underwritten that between-person coordination abides
by similar coordinative phenomena and principles (for reviews, see Schmidt,
Fitzpatrick, Caron, & Mergeche, 2011; Schmidt & Richardson, 2008). Knowing this,
crew rowing perfectly meets the conditions of this coupled oscillator model, in
that it is a cyclical act of two (or more) coupled agents that are moving at equal
movement rates. Moreover, the stroke cycles show behavior that is near to
harmonic (i.e., sinusoidal). In the following sections, we will describe in a point by
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point fashion main predictions derived from the model, how these predictions are
supported by previous empirical findings (or not), and how they may apply to crew
rowing.
Differential pattern stability
In a seminal paper, Kelso (1984) demonstrated that while tapping fingers
in an antiphase pattern (i.e., perfectly alternating, ϕ = 180°) an increase in
movement frequency resulted in a spontaneous, involuntary transition towards
in-phase coordination (i.e., perfectly coinciding, ϕ = 0°). However, when starting
in in-phase coordination, no shift towards antiphase occurred. To account for this
phenomenon, Haken et al. (1985) formulated a model of two non-linearly coupled
limit cycle oscillators that constituted an equation of motion that could describe
the rate of change in relative phase angle between the two oscillating
components, following

𝜙𝜙̇ = 𝑎𝑎 sin 𝜙𝜙 − 2𝑏𝑏 sin 2𝜙𝜙

(Eq. 2.1)

with a affecting the attractor strength of in-phase coordination and b affecting the
attractor strength of both in- and antiphase coordination. The ratio b/a is directly
related to the movement frequency. Given Eq. 2.1, at low frequencies (i.e., b/a >
.25) the model has two stable attractors, namely in-phase and antiphase, while
other patterns are intrinsically unstable. Also for between-person tasks, the
difference in stability for in-phase and antiphase coordination has been
consistently demonstrated (for an overview, see Schmidt & Richardson, 2008).
This difference in the stability properties of coordinative patterns already
poses the first challenge for crew rowing. At first glance this may seem a rather
curious argument, since rowing crews only synchronize in an in-phase manner and
other patterns are not and cannot be performed. However, perhaps somewhat
surprisingly, the latter does not appear to be the case. That is, out-of-phase rowing
has been considered in the past.
Rowing 90° out-of-phase
In fact, there is a long-standing ‘myth’ that out-of-phase crew rowing may
be beneficial over the conventional in-phase crew coordination (see also Steadystate antiphase crew rowing). Around 1930, there have already been several
actual attempts to row out-of-phase on water, also termed ‘syncopated rowing’
or ‘jazz rowing’. For instance, newspapers reported of British crews rowing in a
four-phase strategy (ϕ = 90°; quarter-cycle-lag pattern) in an eight4, and a threeFootage of these attempts is available via British Pathé:
http://www.britishpathe.com/video/syncopated-rowing

4
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phase strategy (ϕ = 120°; third-cycle-lag pattern) with a crew of six rowers.
Although some reports conveyed that these attempts were successful, the
syncopated boats received a lot of criticism. Stories mentioned that, after some
training, the crews apparently managed to master the coordination, but this did
not lead to sufficient gain in boat velocity and, more importantly, victories. In the
end, the critics won and these try-outs were aborted, probably due to the fact that
a sufficient gain in boat velocity was not achieved.
In hindsight, nowadays we know from coordination dynamics that 90° and
120° coordination patterns are intrinsically unstable patterns and, even after
considerable practice, are extremely difficult to maintain, especially at higher
movement rates. For bimanual coordination, support for this prediction has
already been provided, for instance in experiments in which subjects practiced 90°
interlimb patterns (e.g., Zanone & Kelso, 1992), while for between-person
coordination to our knowledge no studies on learning new phase relations have
been reported. Perhaps such studies might not exist because for two (or more)
persons it is virtually impossible to (learn to) interact stably in a quarter cycle
relation.
Therefore, we performed a single case experiment in which we had four
experienced rowers row on ergometers (Concept2) that were positioned next to
each other. The task was to row in a pace that was indicated by a sequence of
beeps. The beeps had four different tone pitches that were presented in 90° phase
delay with respect to each other. Each rower was assigned to one of the pitches
and instructed to align the catches with the incidence of the beeps. Starting at a
tempo of 20 strokes/min, each minute the tempo of the beeps was increased in
steps of 2 strokes/min to a maximum of 32 strokes/min. Initially the rowers were
able to maintain the 90° interpersonal pattern, but a breakdown of the pattern
already occurred at 24 strokes/min. The breakdown involved a switch towards
three rowers moving in in-phase relation, while the fourth rower was moving in
antiphase relation to the other three. The subjects also performed a condition in
which they were divided in two groups of two rowers. The two groups were
instructed to row antiphase with respect to each other, while their pace was again
indicated by beeps that increased in frequency. The rowers easily maintained the
antiphase pattern until the end of the trial. This is not surprising, since the
antiphase pattern is an intrinsically stable pattern. In subsequent studies, we
therefore considered the stable antiphase pattern. In sum, it is likely that at high
stroke rates stable 90° crew coordination is extremely difficult to achieve.
Although after practice 90° out-of-phase patterns can be mastered (Zanone &
Kelso, 1992), the stroke rates at which this pattern can be performed are limited
and, hence, so is the velocity on water. As we will see, such problems exist to a
much lesser extent for the antiphase pattern, because this is an intrinsically stable
pattern.
28

Before we proceed, it is important to note that in ergometer rowing,
rowers usually row on separate machines (as was also the case in the above
experiment), whereas on water the rowers are linked in a mechanical way, since
they share the same boat. We therefore subsequently performed a series of
studies in which we analysed dyads of rowers in the lab using a two-ergometer
system. This involves two ergometers that are put on so-called ‘slides’ (Concept2),
so that they can move freely with respect to the ground, and which also allows
them to be physically linked so that they move as one ‘boat’ (see De Brouwer et
al., 2013; Cuijpers et al., 2015).
Steady-state antiphase crew rowing
Although, over the previous century, some thought that the idea behind
out-of-phase crew rowing was that it would be faster because of more continuous
propulsion (much like a car engine, where the pistons do not ignite at the same
time but with a mutual phase delay), others already recognized that there is
something else that mediates the potential velocity-gaining mechanism behind
out-of-phase rowing. In rowing, 5 to 6% of the total power produced by the
rower(s) is lost to velocity fluctuations of the shell within each rowing cycle. Shell
velocity fluctuates because propulsion is not continuous (viz., the drive and
recovery phase) and the relatively heavy rower(s), seated on their sliding seat,
push off with the feet against the relatively light boat, causing the shell to
decelerate during the drive and to accelerate during the recovery (Hill & Fahrig,
2009). As the power needed to overcome hydrodynamic drag is proportional to
shell velocity cubed, minimizing velocity fluctuations of the boat while maintaining
total power output will thus result in higher efficiency and hence, ceteris paribus,
higher average boat velocity (see, e.g., De Brouwer et al., 2013; Hill & Fahrig,
2009).
Theoretically, in case of crew rowing, this can be achieved by rowing in
antiphase coordination, a strategy in which two (groups of) rowers within the boat
perform their strokes in perfect alternation (Brearly, De Mestre, & Watson, 1998;
De Brouwer et al., 2013). In antiphase rowing, the movements of the rowers
would almost perfectly counteract each other, resulting in a net center of mass
movement (CoM) of the crew that stays close to the movement of the boat. As
such, boat velocity would remain close to constant over the whole rowing cycle.
A recent study confirmed for dyads rowing at 36 strokes/min on coupled
ergometers (see above) that antiphase crew coordination is indeed mechanically
more efficient, in that the power loss was reduced by 5% compared to in-phase
rowing (De Brouwer et al., 2013). Importantly, the crews produced similar
amounts of total power during in-phase and antiphase rowing, resulting in a 5%
greater amount of useful power for antiphase coordination. Furthermore, as
expected, the coordination between the rowers, as measured by the relative
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phase between the rowers’ CoM movements, was indeed less accurate and less
consistent in antiphase as compared to in-phase rowing. Yet, it was striking to see
how little difficulty the rowers had to row antiphase, although they did it for the
first time ever. This supports that also for crew rowing, next to in-phase, antiphase
is an intrinsically stable state. Still, one of the nine pairs in De Brouwer et al.’s
(2013) study showed a breakdown of antiphase coordination towards in-phase
rowing, which led to the following examination.
Involuntary pattern switches
It is essential that the stability of the crew coordination, whether in- or
antiphase, remains sufficient to maintain at high stroke rates, because 2000 m
races are typically rowed at strokes rates above 30. Based on predictions of the
HKB-model, one would expect the difference in stability between in- and
antiphase crew coordination to increase with movement frequency. In fact, when
gradually increasing the movement tempo, one might expect spontaneous
switches from the less stable antiphase to the more stable in-phase pattern
(Haken et al., 1985; Kelso, 1984) as was also shown in visually coupled humans
(Schmidt, Carello, & Turvey, 1990).
In a recent off-water experiment (Cuijpers et al., 2015), we tested whether
rowing in antiphase coordination would have the tendency to break down into inphase coordination when increasing the tempo. To this end, eleven experienced
male rowing pairs rowed in-phase and antiphase on the two-ergometer system on
slides in a steady state trial (2 min, 30 strokes/min) and a ramp trial in which the
stroke rate was increased every 20 s from 30 strokes/min to as fast as possible in
2 strokes/min steps. There was sufficient recuperation time between the four
trials. Kinematics of rowers, handles and ergometers were captured (Vicon®, 200
Hz). Relative phase between rowers’ trunk movements and between handles was
determined. Continuous relative phase angle (CRP) was based on a procedure that
took into account that the recovery phases lasted longer than the propulsive
phases (see also Varlet et al., 2013). Moreover, in a rowing stroke more time is
spent around the finish than around the catch of the stroke. Therefore, we also
determined a discrete measure of relative phase (DRP) that is not sensitive to such
small though impactful deviations from perfect harmonicity (see also De Brouwer
et al., 2013), based on the moments of the catch (Kelso, 1995).
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First of all, for most pairs the highest achieved stroke rate was higher for
in-phase, which was ascribed to the reduction of ergometer movement in
antiphase, knowing that on dynamic ergometers higher stroke rates can be
achieved than on static ergometers (Colloud, Bahuaud, Doriot, Champely, &
Cheze, 2006). Furthermore, two of the eleven pairs showed a breakdown of
antiphase into in-phase crew coordination. Notably, these breakdowns occurred
in the very beginning of the ramp trial (around 32 strokes/min). After the
transition occurred, one pair tried to restore the antiphase crew coordination but
did not succeed (see Figure 1). The other pair already showed difficulties
maintaining antiphase coordination during the steady state trial (30 strokes/min);
they indicated that they did not feel comfortable rowing in antiphase. Because
transitions occurred at the initial tempo of the ramp trial and were also apparent
in steady state trials (see also De Brouwer et al., 2013) we suspect that at these
tempos the coordination of these two dyads might already have been too
sensitive to perturbations (designating low stability), potentially related to
(temporary) loss of concentration or attention (e.g., Temprado & Laurent, 2004).

Figure 1. Transition from anti- to in-phase crew coordination at 32 strokes/min;
movements of rowers (upper panel) and ‘boat’ (middle panel), and relative phase
between the rowers (lower panel).
In any case, when antiphase rowing coordination is lost, it is difficult to
return. This is also due to the mechanical coupling, because once the boat starts
oscillating (see Figure 1) it is difficult to counter it. Regarding mechanical coupling,
Christiaan Huygens already observed in the 17th century that two pendulums
clocks on a wall that were initially uncoordinated, became coordinated over time
in either an in-phase or antiphase pattern, because the clocks interact through the
vibration in the wall. This was also demonstrated with mechanical metronomes
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that were jointly placed on a moving base (Bennet, Schatz, Rockwood, &
Wiesenfeld, 2002; Pantaleone, 2002). In this non-living system, due to mechanical
coupling via the moving base, the metronome pendulums are also attracted to inphase synchronization when starting in antiphase5. Hence, in interpersonal
coordination, a direct mechanical link forms a strong base for attraction to inphase that is arguably more stringent than for perceptual coupling (Lagarde,
2013). In cases where two humans are mechanically coupled, it might require
more ‘mental effort’ to stay coordinated in antiphase (see also previous
paragraph), to prevent any attraction to in-phase from happening. For more
discussion on this issue, see ‘Sources of coupling’.
Movement frequency
A second issue Cuijpers et al. (2015) could address was the predicted
coordinative inconsistencies at increasing movement rate. Indeed, many interlimb
coordination studies have confirmed that coordination deteriorates with
movement tempo, and that for antiphase this effect is stronger than for in-phase
(see Kelso, 1995). In rowing, stroke rates vary from 18-24 strokes/min during
(endurance) training to 30 strokes/min for freshmen crews during racing, with
Olympic crews often reaching up to 42 strokes/min (i.e., 0.7 Hz). It is therefore
essential to know if the stability of the coordination pattern, whether in- or
antiphase, remains sufficient at increasing stroke rates. The nine pairs that did not
show a transition in the antiphase ramp trial were analysed in terms of the
variability of DRP (‘circular’ standard deviation) and accuracy of CRP (‘circular’
absolute error) over steady state bins of each performed movement frequency.
Although the coordination was expected to deteriorate with increasing
tempo, the results revealed no statistically significant effects of stroke rate on
crew coordination (Cuijpers et al., 2015; Chapter 4). On the other hand, as
mentioned at paragraph ‘Crew rowing’, from on-water rowing studies there are
some indications that crew synchronization might improve rather than deteriorate
with increasing stroke rate (Hill, 2002). In fact, interpersonal pendulum swinging
experiments demonstrated that at movement rates above 1.2 Hz (i.e., 72
cycles/min) coordinative variability increased with tempo, while for movement
rates below 1 Hz (i.e., 60 cycles/min) coordinative variability decreased with
tempo (Schmidt, Bienvenu, Fitzpatrick, & Amazeen, 1998). The authors related the
latter effect to the difficulty of moving at a rate lower than the preferred (or:
‘natural’) movement rate (see also next paragraph). Importantly, as the ramp trials
Many movies are available on-line in which synchronizing metronomes are demonstrated,
of which arguably the most illustrative can be found here:
https://www.youtube.com/watch?v=yysnkY4WHyM and here:
https://www.youtube.com/watch?v=5v5eBf2KwF8.
5
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in Cuijpers et al.’s (2015; Chapter 4) study were designed to invoke phase
transitions, they already started at a reasonably high stroke rate, namely 30
strokes/min. It is conceivable that at rates lower than 30 stroke/min a movement
frequency effect emerges and becomes better visible. In this respect, recent onwater measurements suggest that in-phase crew coordination indeed
deteriorates for stroke rates below 26 strokes/min (Cuijpers, et al., 2017).
Detuning: Within-crew individual differences
Differences between the oscillatory characteristics of the two
components also affect the coordination (e.g., De Poel, Peper, & Beek, 2009;
Schmidt & Richardson, 2008), generally modeled as a detuning parameter (i.e.,
Δω; Kelso, DelColle, & Schöner, 1990). Implemented in the HKB model, the
detuning parameter induces specific lead-lag relations and a decrease of
coordinative stability (Kelso et al., 1990). It has commonly been inferred to reflect
a difference between the eigenfrequencies (cf. ‘intrinsically preferred movement
rate’) of the two oscillators (e.g., Schmidt & Richardson, 2008). As we consider
rowers in terms of limit cycle oscillators, we may expect their movements to
possess a characteristic amplitude (e.g., reflecting stroke length) and
eigenfrequency (e.g., reflecting individually preferred stroke rate). For instance, in
an ergometer rowing experiment, Sparrow, Hughes, Russell, and Le Rossignol
(1999) indicated that rowing at preferred rate was metabolically more efficient.
When increasing or decreasing stroke rate while maintaining the same power
output, the rowers for instance changed their stroke lengths (i.e. excursion of the
handle), which lead to an increase in metabolic cost for both lower and higher
rates. These results advocate that, for a given output level, each rower has its own
individual ‘optimal’ stroke frequency and, hence, the eigenfrequency varies over
individuals. Hence, if rowers with different eigenfrequencies and/or stroke
amplitudes (cf. De Poel et al., 2009) are combined into a crew, not only the
individual efficiency (see above) within the crew but, given the predictions from
the HKB-model with detuning parameter, also the crew coordination may be
compromised. As such, coupled oscillator dynamics provides an account for why
it is beneficial to select rowers close to the same preferred movement frequency
(and also in terms of other properties) into a crew.
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Sources of coupling
In this paragraph, we briefly reflect on the merits that the task of crew
coordination might have for examining (interpersonal) coordination dynamics in
general, through delineating some issues regarding the sources that mediate
interaction between rowers of a crew. The interaction, or coupling, may in general
terms be considered as an information array between two rhythmically moving
components. The majority of research on interpersonal coordination dynamics is
done on movement synchronization mediated trough visual coupling (e.g., Oullier,
De Guzman, Jantzen, Lagarde, & Kelso 2008; Peper, Stins, & De Poel, 2013;
Schmidt et al., 2011). Evident in rowing, though, is the direct mechanical coupling
through the boat. This physical link also allows for perception of haptic
information about the others’ movements through the movements of the boat
that they share. Hitherto, mechanical and haptic coupling have received very
limited attention in interpersonal coordination studies. Yet, many relevant
examples used in such studies are highly dependent on such coupling, like dancing
the tango or, indeed, crew rowing. Laboratory experiments showed that when
dyads need to coordinate their actions on the basis of haptic information, they
amplify their forces to generate a haptic information channel (Reed, Peshkin,
Hartmann, Grabowecky, Patton, & Vishton 2006; Van der Wel, Knoblich, & Sebanz,
2011). This principle seems to hold for crew rowing as well, as Hill (2002)
suggested that an increase in force output provides a better kinaesthetic
perception facilitating the adaption of force patterns.
In rowing, the movements of each rower set the boat in motion, thereby
moving the other crew members (similar to the coupled metronomes;
Pantaleone, 2002). As such, mechanical interpersonal coupling may be considered
as a source of perturbation requiring anticipatory movements (Bosga,
Meulenbroek, & Cuijpers, 2010) but can also be seen as a source of support that
stabilizes coordination patterns by mutually constraining the movements of the
mechanically coupled agents (Harrison & Richardson, 2009). Most importantly,
mechanical coupling differs from perceptual coupling (visual, auditory and
haptic/kinaesthetic coupling) in that it is impossible to escape from: the body of
each agent gets passively shaken by the movement of the other agent (Lagarde,
2013), whereas perceptual coupling is mediated by the degree to which an agent
is sensitive to, or able to detect the pertinent information, for instance by means
of attention devoted to the information source (Meerhoff & De Poel, 2014;
Richardson et al., 2007). This implies that the mechanical coupling is more
stringent than perceptual coupling.
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Application to on-water rowing

The theoretical analysis of crew rowing from a coordination dynamics
perspective already offered some nice new insights that can be rather directly
applied to rowing practice. However, the lab is obviously not exactly the same as
the real situation. For instance, in the lab studies of De Brouwer et al. (2013) and
Cuijpers et al. (2015) there were no lateral and vertical (angular) movements of
the ‘boat’, handles were used rather than oars (with a certain length and weight),
oar handling technique and blade hydrodynamics were not present, etcetera.
Therefore, testing on water is a next important step. Commercial measurement
systems are available for analysing movements and forces in on-water crew
rowing (e.g., Sève et al., 2013) and in recent on-water experiments with an
Arduino-based measurement system (Cuijpers et al., 2017) we tested the
hypothetical relation between the quality of crew coordination and unwanted,
drag-increasing boat movements (as posed by Baudouin & Hawkins, 2002; Hill et
al., 2009).
The case of antiphase rowing also offers quite a straightforward direct
application to on-water rowing. Before it can be considered to implement in
competitive practice, though, many research steps still have to be taken. This
primarily involves biomechanical aspects that may cancel out the 5% velocity
efficiency benefit, such as blade resistance and air friction, that remain to be
further explored. Nevertheless, as delineated above, coordination dynamical
examinations already showed that performing the antiphase pattern sec is not a
problem at all, also not at stroke rates as high as in a rowing race. This was also
confirmed in recent exploratory on-water try-outs by ourselves, using two
experienced rowers. With some extra space between the rowers (because
otherwise the blades would clash and/or the bow rower would hit the stroke
rower in the back), on-water antiphase rowing appears to be quite easy to
perform, even without any practice. Whether it indeed leads to higher average
velocity is not clear yet; as noted, this requires testing with measurement
equipment and further biomechanical evaluation of the problem. However, that
was not within the scope of this chapter.
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Concluding remarks

In this chapter, we illustrated the relevance of coordination dynamics for
investigating crew rowing. Alongside issues such as the (differential) stability of
coordinative patterns, (preferred) movement frequency and coupling in crew
rowing, we showed how coordination dynamical research is particularly relevant
in this context, how it may be applied to crew rowing, and also how the knowledge
gained may be used for the benefit of improving performance. Together, this also
further underscored crew rowing as archetype of interpersonal coordination
dynamics, and the research reviewed in this chapter provides means for the
example of crew rowing to now surpass the stage of mere metaphor.
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Note that the manuscript included in this chapter slightly differs from the article
that was originally published in Scandinavian Journal of Science and Medicine
in Sports (2017), 27(12), 1697-1704. DOI: 10.1111/sms.12800. Specifically,
due to issues in the calculation of the standard deviation of the continuous
relative phase, this chapter only reports results regarding the standard
deviation of the discrete relative phase (around catch and finish). Accordingly,
the relations between crew coordination consistency and movements of the
boat are based on the discrete relative phase around catch and finish. Note
that this adaptation had no qualitative consequences regarding the original
interpretations in the published article.

Rocking the boat: does perfect
crew synchronisation reduce
detrimental boat movements?

Chapter 3
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Koen A.P.M. Lemmink, & Harjo J. de Poel (2017). Rocking the boat: does
perfect crew synchronisation reduce detrimental boat movements?
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Abstract
In crew rowing, crew members need to mutually synchronise their
movements to achieve optimal crew performance. Intuitively, poor crew
coordination is often deemed to involve additional boat movements such as surge
velocity fluctuations, heave, pitch and roll, which would imply lower efficiency
(e.g., due to increased hydrodynamic drag). The aim of this study was to
investigate this alleged relation between crew coordination and boat movements
at different stroke rates. Fifteen crews of two rowers rowed in a double scull (i.e.,
a two-person boat) at 18, 22, 26, 30 and 34 strokes per minute. Oar angles (using
potentiometers) and movements of the boat (using a three-axial accelerometergyroscope sensor) were measured (200 Hz). Results indicated that crew
synchronisation became more consistent with stroke rate, while surge, heave and
pitch fluctuations increased. Further, within each stroke rate condition better
crew synchronisation was related to less roll of the boat, but increased
fluctuations regarding surge, heave and pitch. Together this demonstrates that
while better crew synchronisation relates to enhanced lateral stability of the boat,
it inevitably involves more detrimental boat movements and hence involves lower
biomechanical efficiency.

40

Introduction
In competitive rowing, a crew has to maintain the highest possible velocity
over the course of the race in order to win. However, the velocity of the boat does
not remain constant, but fluctuates within the rowing cycle (Hill & Fahrig, 2009),
which is related to the fact that the rowing stroke cyclic comprises two phases:
the drive and the recover. The drive starts with the ‘catch’ placing the blades into
the water, after which the rowers of a crew collectively push off against the water
in order to propel the boat. After the drive, the blades leave the water (‘finish’)
and the rowers return towards their initial catching position (‘recover’). As a result
of this discontinuous propulsion and displacement of the crews’ centre of mass
relative to the boat, the velocity of the boat fluctuates within the rowing cycle,
entailing a power loss of 5-10% (Sanderson & Martindale, 1986). As the power to
overcome hydrodynamic drag is related to the velocity of the shell cubed,
theoretically, reducing these surge velocity fluctuations would increase efficiency
(Brearly, De Mestre, & Watson, 1998; Hill & Fahrig, 2009; Hofmijster, Landman,
Smith, & Van Soest, 2007; Martin & Bernfield, 1980).
For crew rowing, the coaching literature (e.g., O’Brien, 2011) and also
scientific research (e.g., Wing & Woodburn, 1995), deem that in order to minimise
detrimental boat movements a crew must row in perfect synchrony. Differences
in amplitude or timing of force application during the drive may result in net
torques around the centre of the boat, entailing additional movements, such as
surge, yaw, pitch and roll (cf., Barrow, 2010; Hill & Fahrig, 2009; Wing &
Woodburn, 1995, see Figure 1). Such additional boat movements may entail more
hydrodynamic drag and thus impede net boat velocity (Baudouin & Hawkins,
2002). Vice versa, such additional movements of the boat may also perturb crew
coordination. As such, the degree of mutual synchronisation of the crew is
regarded as an important determinant for optimal performance. In the present
study, we examine the relation between the degree of crew synchronisation and
movements of the boat at different stroke rates.

Crew rowing

Many studies have considered the effect of the movements of a single
rower on boat movements (e.g., Baudouin & Hawkins, 2002; Sanderson &
Martindale, 1986; Soper & Hume, 2004), however in the case of crew rowing, it is
the collective performance of the crew that affects the movements of the boat
(e.g., Baudouin & Hawkins, 2004; De Poel, De Brouwer, & Cuijpers, 2016; Hill,
2002; Wing & Woodburn, 1995). There is some indication that crew
synchronisation varies within the stroke cycle. For six elite coxless fours, Hill (2002)
showed that the difference in timing of the catch between the rowers (14.2 ms at
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23-25 spm and 11.2 ms at 31-41 spm) decreased in comparison with the finish
(25.8 ms at 23-25 spm and 21.7 ms at 31-41 spm). These differences in timing
between rowers became smaller at higher stroke rates, which suggested that crew
coordination around the catch and finish enhances with increasing stroke rate.
Note, however, that a higher stroke rate implies a shorter cycle duration. As such,
the observed decrease in timing difference might result from a shorter stroke
duration. This requires crew synchronisation to not only be expressed and
analysed in units of absolute time but also in units of cycle.

Figure 1. Movements of the boat. Most important in sculling (i.e., each rower is
handling two oars) are surge (forward-backward), heave (up-down), roll (sideway
turning) and pitch (dipping of the bow into the water).
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Coordination dynamics

Inspired by studies on interpersonal coordination dynamics, for a crew of
two rowers, crew coordination can be expressed in terms of relative phase (ϕ):

𝜙𝜙 = 𝜃𝜃- − 𝜃𝜃.

(Eq. 3.1)

with θ1 and θ2 depicting the phase angle of (the movements of) each rower. The
phase angle reflects for each point in time in which phase of the movement cycle
(from 0° to 360°) each rower resides. Alternatively, the relative phase can also be
determined based on a discrete point within the cycle, such as based on the
moments of the catch or finish (see Equation 3 below). These measures depict the
synchronisation of the rowers’ movements: a relative phase value of 0° indicates
no difference in phase angle between the rowers and thus perfect
synchronisation. The variability of relative phase serves as an indicator of the
consistency of crew coordination (Cuijpers, Zaal, & De Poel, 2015; De Brouwer, De
Poel, & Hofmijster, 2013; De Poel et al., 2016). A small amount of variation in
relative phase indicates a more stable coordination, which is more resilient to
perturbations (Haken, Kelso, & Bunz, 1985; Schmidt, Carello, & Turvey, 1990),
such as due to internal (e.g., temporary loss of attention) or external (e.g.,
turbulent water conditions) sources of noise.
Rowing studies have shown that an increase in stroke rate and associated
increase in boat velocity inevitably enlarge boat velocity fluctuations (Hofmijster
et al., 2007; Martin & Bernfield, 1980; Hill & Fahrig, 2009). A similar argument
holds for heave and pitch fluctuations (for more details, see ‘Discussion’). Next to
the increase in boat movements, an increase in movement frequency also
decreases the stability of coordination (Haken et al., 1985; Kelso, Scholz, &
Schöner, 1986; Schmidt et al., 1990). Thus, on top of the increased surge, heave,
and pitch fluctuations, higher stroke rates are expected to involve poorer crew
synchronisation, which would impede performance even further as this could
imply additional detrimental movements of the boat (Wing & Woodburn, 1995).
Though recent research on coupled ergometers indicated no effect of stroke rate
on consistency of crew coordination for stroke rates between 30 and 36 spm
(Cuijpers et al., 2015), it remains to be investigated whether these results hold for
1) stroke rates below 30 spm, and 2) rowing on water. The aim of this research is
therefore to investigate the relation between the consistency of crew
coordination and boat movements (in terms of surge, heave, pitch and roll
fluctuations) at different stroke rates.
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Method
Participants

Twenty-seven rowers participated in the experiment (3 women, 24 men;
mean age 20, SD 7 years; mean body height 1.76 ± SD 0.06 m; mean body mass 66
± SD 15 kg; mean rowing experience at competitive level 7 ± SD 6 years; mean
training load 11 ± SD 3 hours per week), which were paired into 15 combinations.
Three of the 27 rowers rowed in two different combinations. To allow for
sufficient variation in degree of crew synchronisation, crews differing in rowing
experience were included, varying from combinations that rowed together
internationally for several years to crews that had only rowed together a few times
before. Note however that only rowers with at least one year experience in
national competition were included. For more detailed information on the
different combinations, see Table 1 in Supplementary Materials. Participants (or
in case of junior rowers, their parents) provided written informed consent. The
Ethics Committee of the Faculty of Human Kinetics, University of Lisbon approved
the study that was conducted according to the principles expressed in the
Declaration of Helsinki.

Experimental setup

Trials were performed in a double scull (i.e., two-persons rowing boat, in
which each rower is handling two oars). The horizontal angles of the port (right)
oars, reflecting the stroke movements of both rowers, were measured using
potentiometers (Bourns, 6639 Precision Potentiometer). Movements of the boat
in terms of linear accelerations and angular velocities were sampled with a threeaxial accelerometer-gyroscope sensor (MPU-6050, InvenSense Inc.) placed in a
waterproof housing secured to the boat behind the bow rower (i.e., in direction
of the bow of the boat). The outputs of these different sensors were sampled on
a microcontroller (Olimexino-328) at 200 Hz and written onto a SD-card within the
waterproof housing. Longitude and latitude of the boat was registered separately
using a GPS tracker (Time Team Regatta Systems, sampling rate: 1 Hz).

Protocol

To warm up, each crew started rowing towards the start of the race course
(about 15-20 min warming up at 18-22 spm). Crews rowed at respectively 18, 22,
26, 30 and 34 spm for 2 min each. At the start, after the 26 spm bin and at the end
of the trial there was a break of 30 s in which rowers had to keep their oars
perpendicular to the boat, with the blades resting on the water. This was done to
(re-)determine initial values of the accelerometer and gyroscope sensor and the
oar angles. The stroke rower (i.e., the rower crossing the finish last) received real44
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Dependent measures

The time series were analysed over steady state bins (30 cyles) for each
stroke rate condition. These bins were selected based on visual inspection of
stroke rate time series. A change from one stroke rate to another involves a
transient stage, which in some cases lasted longer than in other cases. Therefore,
the bins could only be determined a posteriori. For each tempo bin, mean absolute
error (AE) of both continuous (AEϕ) and discrete relative phase (i.e. AEϕcatch and
AEϕfinish, for catch and finish respectively) and standard deviations (SD) of discrete
relative phase (i.e. SDϕcatch and SDϕfinish, for catch and finish respectively) were
calculated as measures of coordinative performance using directional statistics
(Mardia, 1972). Additional to the phase difference (ϕ, in °) between stroke and
bow rower, AE and SD of the difference in timing (Δt, in ms) around catch and
finish were determined, yielding AEΔtcatch, SDΔtcatch, AEΔtfinish, and SDΔtfinish.
Note that we only report boat movements that are related to the degree
of crew coordination. For instance, in sculling both rowers handle two oars, which
allows correcting for yawing individually (i.e., they do not need to coordinate their
movements together to make the boat run straight). Furthermore, boat
movements in terms of sway are unlikely to occur (if any, due to wind or current,
rather than affected by crew coordination). Therefore, only the fluctuations
(expressed in standard deviations) of surge and heave (based on the
accelerometer timeseries) and pitch and roll (based on the gyroscope timeseries;
see Figure 1), as represented by SDsurge, SDheave, SDpitch and SDroll are
reported.
To determine average boat velocity in each stroke rate bin, for each point
in time (t) boat velocity was calculated as the distance between the boat positions
(i.e., longitude and latitude, see Sinnott; 1984) at two different time intervals (t-7
and t+7, i.e. 15 samples) divided by the time it took to cover that distance (15 s).
This procedure comes down to calculating the moving average with a window of
15 samples and was carried out to smoothen the within cycle velocity fluctuations.
Finally, the thus obtained boat velocity was averaged over 1 min for each tempo
bin.
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Statistical analysis

Each of the above mentioned dependent measures was subjected to a 5
Tempo (18, 22, 26, 30 and 34 spm) repeated measures ANOVA. If the assumption
of sphericity was violated, the degrees of freedom were adjusted using a
Greenhouse-Geisser procedure. An α of 0.05 was adopted for all tests of
significance. If necessary, Tempo effects were further scrutinised via post hoc
paired samples t-tests (using a modified Bonferroni α-level correction procedure
that takes the correlation between conditions into account; see Uitenbroek,
1997).

Results
Crew coordination

All coordinative measures were significantly affected by stroke rate (see
Table 1). Measures of crew coordination variability (SDϕPE-catch, SDϕPE-finish, SDΔtcatch
and SDΔtfinish) decreased with an increase in stroke rate (Figure 2, left panel). Post
hoc analysis revealed that for SDϕPE-catch, mean values in 26 and 30 spm were
significantly lower than in 18 and 22 spm and SDϕPE-finish was significantly lower in
30 compared to 18 spm. For SDΔtcatch all stroke rate levels differed significantly
from each other, except for 18 and 22 spm and 30 and 34 spm. For SDΔtfinish all
stroke rate levels differed significantly from each other, except for 22 and 26 spm
and 30 and 34 spm.
Likewise, measures of crew coordination accuracy (AEϕ, AEϕPE-catch,
AEΔtcatch and AEΔtfinish) decreased at higher stroke rates, with one notable
exception: AEϕPE-finish significantly increased with stroke rate (Figure 2, right panel).
Note that an increase in SDϕ(PE) indicates a decrease in consistency of coordination
and that an increase in AEϕ(PE) indicates a decrease in accuracy of coordination.
Post hoc analysis revealed that 18 spm significantly differed from 30 and
34 spm and 22 from 30 spm for AEϕ. For AEϕPE-catch 18 spm differed significantly
from 26 and 34 spm and for AEϕPE-finish 26 spm differed significantly from 18 and
22 spm. For AEΔtcatch all stroke rate levels differed significantly from each other
except for 30 and 34 spm, and for AEΔtfinish 30 spm differed significantly from 18,
22, and 26 spm. Note that in respectively Tempo 1 and 5 crews on average
achieved a slightly higher/lower stroke rate than instructed.
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Table 1. RM ANOVA results for crew coordination and drive-recovery ratio.
F
df, error
p
ηp2
SDϕPE-catch (°) a
SDϕPE-finish (°) a

6.101
3.779

2.037, 28.514
1.672, 23.406

<.01
<.05

.304
.213

SDΔtcatch (ms) a

27.893

1.634, 22.878

<.001

.666

1.304, 18.258
1.769, 24.763
2.390, 33.458
4, 56
1.751, 24.510
4, 56

<.001
<.01
<.01
<.05
<.001
<.05

.540
.213
.263
.178
.564
.185

SDΔtfinish (ms) a
16.444
a
AEϕ (°)
3.781
a
AEϕPE-catch (°)
4.992
AEϕPE-finish (°)
3.025
a
AEΔtcatch (ms)
18.113
AEΔtfinish (ms)
3.188
a
Greenhouse-Geisser correction.
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Figure 2. Variability around catch and finish (left panel) and accuracy of relative
phase over the complete cycle and around catch and finish (right panel) at different
stroke rates. Error bars represent standard errors. For mean values and standard
errors, see Supplementary Materials, Table 2.
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Boat Movements

SDsurge, SDheave, SDpitch and Vboat increased significantly with stroke
rate, whereas SDroll was not affected by stroke rate (Table 2 and Figure 3). Post
hoc analysis revealed significant differences between all stroke rate levels for
SDsurge and SDheave. For SDpitch significant differences were found between all
stroke rate levels, except between 22 and 26 spm. For Vboat all stroke rate levels
significantly differed from each other except for 30 and 34 spm.
Table 2. RM ANOVA results for boat movements.
F
df, error
SDsurge (m/s2) a
638.944
1.786, 25.000
2
SDheave (m/s )
107.014
4, 56
SDroll (°/s) a
1.984
2.310, 32.343
a
SDpitch (°/s)
23.969
1.848, 25.869
Vboat (m/s) a
78.947
1.570, 21.979
a
Greenhouse-Geisser correction.

p
<.001
<.001
.148
<.001
<.001

ηp2
.979
.884
.124
.631
.849

Figure 3. Variability of boat movements over different stroke rates. Error bars
represent standard errors. For mean values and standard errors, see
Supplementary Materials, Table 2.
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Relation between crew coordination and boat movements

The correlation coefficients between SDϕPE-catch and SDϕPE-finish on the one
hand and SDsurge, SDheave, SDroll and SDpitch on the other hand for each stroke
rate are shown in Tables 3 and 4. A significant negative relation between SDϕPEcatch and SDsurge was present at 18, 26 and 30 spm. At all stroke rates a significant
positive relation between SDϕPE-catch and SDroll was present. For SDϕPE-finish a
significant negative relation between SDϕPE-finish and SDheave was present at 22,
26 and 34 spm. At stroke rates 26-34 spm, a positive relation between SDϕPE-finish
and SDroll was present. Although not all correlation coefficients of SDϕPE-catch and
SDϕPE-finish reach significance, the correlation coefficients (r-values) suggest that, if
any, a lower variability of relative phase around the catch and finish is related to
an increase in surge, heave, and pitch variability. The correlation coefficients for
SDroll though suggest a positive relation between SDϕPE-catch/SDϕPE-finish and SDroll.
Scatter plots of consistency of crew coordination at the catch and finish and surge,
heave, roll and pitch variability for each crew at different stroke rates are shown
in Figures 4 and 5. Note that, despite the intention to test the different crews in
similar weather conditions, crews may have experienced different degrees of
perturbations (e.g., due to waves) which may have affected roll variability
between crews: a better crew (i.e., more resistant to perturbations) may still show
less consistent coordination if exposed to more perturbations than a lesser crew.
Given the small timeframe in which the different stroke rates were performed, we
assume weather conditions not to have affected differences in crew coordination
between different stroke rates within a crew.
Table 3. Correlation coefficients between SDφPE-catch and surge, heave, roll, and
pitch variability at different stroke rates.
18 spm
22 spm
26 spm
30 spm
34 spm
2
SD surge (m/s ) -0.53*
-0.51
-0.68*
-0.56*
-0.41
SD heave (m/s2) -0.23
-0.45
-0.43
-0.43
-0.27
SD roll (°/s)
0.66*
0.55*
0.83*
0.76*
0.64*
SD pitch (°/s)
0.06
-0.23
-0.25
-0.45
-0.06
*Level of significance: α < .05.
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Table 4. Correlation coefficients between SDφPE-finish and surge, heave, roll, and
pitch variability at different stroke rates.
18 spm
22 spm
26 spm
30 spm
34 spm
2
SD surge (m/s ) -0.41
-0.44
-0.41
-0.50
-0.44
SD heave (m/s2) -0.38
-0.61*
-0.55*
-0.45
-0.63*
SD roll (°/s)
0.32
0.23
0.74*
0.57*
0.70*
SD pitch (°/s)
-0.08
-0.43
-0.18
-0.36
-0.24
*Level of significance: α < .05.

Discussion
The aim of this study was to investigate the relation between crew
coordination and movements of the boat. Based on suggestions from rowing
literature (Hill & Fahrig, 2009; Wing & Woodburn, 1995) we tested whether a
more consistent crew coordination was associated with lower variability in boat
movements (i.e., surge velocity fluctuations, heave, pitch and roll). Furthermore,
the effect of stroke rate on both crew coordination and boat movements was
studied (see also Cuijpers et al., 2015; Hill & Fahrig, 2009).

Crew coordination

Crew coordination around the catch and finish became more consistent
with an increase in stroke rate. These results are not in line with coupled oscillator
predictions, from which consistency of (interpersonal) coordination would be
expected to decrease with an increase in movement frequency (Haken et al., 1985;
Schmidt et al., 1990). Studies on interpersonal coordination suggest that there
might be an optimum in movement frequency (i.e., preferred oscillation
frequency) towards which coordinative variability decreases (Schmidt, Bienvenu,
Fitzpatrick, & Amazeen, 1998). This would imply the consistency of crew
coordination to decrease above, but also below a certain preferred stroke rate (De
Poel et al., 2016). Indeed, in experiments on coupled ergometers, Cuijpers et al.
(2015) found no compelling support for coordinative performance to change over
stroke rates between 30 and 36 spm. The present results concur with this:
consistency of crew coordination increased for the lower stroke rates (from 18 to
26 spm) but levelled at higher stroke rates (higher than 26 spm; see also Figure 2).
As such, it might be that crew coordination consistency deteriorates when stroke
rates are even higher. However, it is unlikely that rowers can increase stroke rates
much further (for a discussion on this see Cuijpers et al., 2015).
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stroke rates.
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The decrease in timing difference between rowers in both catch and finish
over stroke rate in a study of Hill (2002) suggest crew coordination to become
more accurate with increasing stroke rates. As stated in the ‘Introduction’,
accuracy of crew coordination expressed in time may distort the effect of stroke
rate, as cycle duration is not taken into account. Therefore, in the current study,
accuracy of crew coordination was also calculated in terms of relative phase, thus
taking cycle duration into account. Similar to Hill (2002), differences in timing
around catch and finish decreased with stroke rate, with smaller differences
around the catch than around the finish. In terms of relative phasing though, crew
coordination over the complete cycle and around the catch became more
accurate with stroke rate, whereas the finish became less accurate with stroke
rate. From research in motor control it is known that the control of the movement
cycle is often based on specific points within the cycle, also referred to as
anchoring (Beek, 1989). In terms of rowing, it is obvious that the catch, and
possibly the finish are candidates for anchor points. Given that anchor points are
characterised by local reduction of variability (Roerdink, Ophoff, Peper, & Beek,
2008), the increase in accuracy around the catch and decrease in accuracy around
the finish clearly indicate that control of the stroke cycle is primarily at the catch,
especially at higher stroke rates.

Boat movements

While crew coordination became less variable at higher stroke rates (see
Figure 2), the variability of boat movements in terms of surge, heave and pitch
actually increased (see Table 2 and Figure 3). Note however, that stroke rate and
boat velocity highly covary (Hill & Fahrig, 2009). Indeed, in practice it is highly
unlikely that an increase in stroke rate happens without an increase in boat
velocity, since rowers would need to drastically decrease their power per stroke.
As a consequence, it is difficult to statistically dissociate whether the observed
increases in surge, heave and pitch are due to stroke rate, boat velocity, or both.
As an example, surge velocity fluctuations are related to both. First, given an
average boat velocity, a higher stroke rate also increases surge velocity
fluctuations because relative to the rowers’ bodies, the boat is moved to the same
amount (leg length) in shorter time durations. Second, given a specific stroke rate,
to be able to maintain a higher boat velocity rowers would have to accelerate the
boat even further in order to compensate for the stronger deceleration
encountered during the recovery phase, since hydrodynamic drag increases as a
square function of the velocity of the shell (see Hill and Fahrig, 2009). Thus, a
higher average boat velocity inevitably implies more surge velocity fluctuations.
The observed increase in heave fluctuations at higher stroke rates/ boat velocity
likely relate to increased force applied to the foot stretcher, as this force involves
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both a horizontal and a vertical component, yielding vertical oscillations
(Kleshnev, 2016). Pitch is most likely due to the within-cycle mass displacement of
the rowers relative to the boat, which clearly increases with stroke rate. In sum,
the observed increases in surge velocity fluctuations, heave and pitch at higher
stroke rates (hence higher boat velocity) are inevitable and not necessarily related
to the quality of crew coordination.

Crew coordination related to boat movements

Contrary to expectations (see Introduction) within each stroke rate
condition more consistent crews showed more boat movement fluctuations in
terms of surge velocity, heave and pitch (reaching significance for crew
coordination variability around the catch with surge variability at 18, 26 and 30
spm and for crew coordination variability around the finish with heave variability
at 22, 26 and 34 spm). From a mechanical point of view, this might be explained
by the fact that a more synchronously moving crew implies a larger net massdisplacement of the crew with respect to boat (De Brouwer et al., 2013; Hill &
Fahrig, 2009), involving an increase of surge velocity, heave, and pitch
fluctuations. Note that adult (and hence possibly more experienced) crews are
generally heavier than junior crews, which may contribute the negative
correlation between crew coordination and in boat movements, particularly to
pitch. Regarding lateral balance however, more consistent crews showed reduced
roll of the boat, with significant effects for all stroke rates at the catch and at 2634 spm at the finish. This indicates that poorer crew coordination may indeed
impede lateral balance, as suggested by Wing & Woodburn (1995).

Perspectives

This study illustrates that better crew synchronisation relates to more
movements of the boat in terms of surge, heave and pitch fluctuations. From this,
one could infer that better synchronisation is less efficient. Now, does this mean
that crews should not row in perfect synchrony? Evidently not: a decrease in
efficiency does not necessarily equate a decrease in performance. Most likely,
better coordination enables higher power production: a more stable crew
coordination is less prone to perturbations and might as such enable the crew to
maximise their collective power output.
Furthermore, this study stresses the importance of regarding (and
analysing) the behaviour of the crew as a whole, and provides incentives for
quantifying crew synchronisation processes (see also Sève et al., 2011). Given that
on-water measurements systems become more and more commercially available,
coaches can use similar methods for monitoring and training crew performance.
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Supplementary materials
Table 1. Participant characteristics and determination of crews.
Age
Height
Crew Nr.a Position Gender
Categoryb
(years)
(cm)
1 (8)
Stroke
M
20
BM
187

Weight
(kg)
83

Experience Training load
(hours/week)
(years)
5
13

1
2 (6)
2
3
3
4
4
5
5
6
6 (2)
7
7
8
8 (1)
9
9
10
10
11
11
12
12
13
13
14 (15)
14
15 (14)

Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke
Bow
Stroke

M
M
M
M
M
M
M
F
F
M
M
M
M
F
M
M
M
M
M
M
M
M
M
M
M
M
M
M

18
15
15
16
17
15
15
19
19
15
15
46
19
20
23
37
16
16
17
16
17
19
21
19
31
26
31

BLM
JM
JM
JM
JM
JM
JM
BLW
BLW
JM
JM
Mas
Mas
BW
BM
LM
LM
JM
JM
JM
JM
JM
BLM
BLM
BLM
LM
LM
LM

174
175
171
167
171
179
172
175
163
182
175
170
160
187
178
180
183
180
175
176
186
182
178
179
174
175
174

67
63
68
60
59
71
72
58.5
51.4
63
83
65
83
70
70
70.5
60
60
59
74.5
74
73
75
72
71
72

2
3
1
2
3
8
3
6
6
4
3
10
5
5
11
20
3
2
4
4
7
9
5
8
20
10
20

13
8
6
8
8
12
10
12
12
5
8
10
12
13
20
12
8
12
12
12
10
14
12
12
14
12
14

15

Bow

M

31

LM

175

71

23

14

a three rowers rowed in two combinations, the alternative combination is indicated between bracket;
b

J= junior (<18 years), B = under 23 (<23 years), M = male, F = female, L = lightweight.
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Table 2. Means and standard errors of coordinative measures and boat movements at different
stroke rates.
18 spm
22 spm
26 spm
30 spm
34 spm
Mean SE

Mean SE

Mean SE

Mean SE

Mean SE

stroke rate (spm)

18,59 0,06

21,89 0,29

25,86 0,13

29,91 0,18

33,18 0,25

AEϕ (°)

6,10

0,50

5,66

0,51

5,53

0,50

5,08

0,50

4,88

0,49

AEϕcatch (°)

3,92

0,64

4,09

0,71

3,73

0,47

3,59

0,55

2,75

0,37

AEϕfinish (°)

4,64

0,66

5,40

1,17

6,63

1,37

6,20

1,22

6,57

0,88

AEΔtc (ms)

35,24 5,81

30,90 5,24

24,12 3,09

19,97 3,01

13,84 1,90

AEΔtf (ms)

41,67 5,93

41,05 8,72

42,52 8,70

34,62 6,82

33,08 4,49

SDϕ (°)

5,24

0,31

4,80

0,36

4,58

0,35

3,91

0,33

4,00

0,32

SDϕcatch (°)

3,70

0,45

3,60

0,48

2,82

0,29

2,75

0,27

3,14

0,36

SDϕfinish (°)

3,59

0,41

3,11

0,37

2,93

0,32

2,66

0,24

2,99

0,32

SDΔtc (ms)

33,21 3,99

27,28 3,42

18,25 1,86

15,32 1,46

15,78 1,83

SDΔtf (ms)
SDsurge (m/s2)

32,34 3,73
1,54 0,07

23,87 2,93
1,80 0,07

18,88 1,99
2,18 0,08

14,90 1,30
2,66 0,10

15,16 1,58
3,07 0,12

SDheave (m/s2)

0,31

0,02

0,38

0,02

0,44

0,03

0,50

0,03

0,56

0,03

SDroll (°/s)

3,72

0,37

4,04

0,51

3,83

0,27

4,06

0,40

4,30

0,46

SDpitch (°/s)
0,72
mean boat velocity
2,97
(m/s)

0,05

0,81

0,05

0,88

0,04

0,99

0,04

1,09

0,05

0,17

3,26

0,10

3,48

0,12

3,71

0,12

3,75

0,12
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Rowing crew coordination dynamics
at increasing stroke rates

Chapter 4

Laura S. Cuijpers, Frank T.J.M. Zaal, & Harjo J. de Poel (2015). Rowing
crew coordination dynamics at increasing stroke rates. PLoS ONE, 10 (7):
e0133527. DOI:10.1371/journal.pone.0133527

Abstract
In rowing, perfect synchronisation is important for optimal performance
of a crew. Remarkably, a recent study on ergometers demonstrated that
antiphase crew coordination might be mechanically more efficient by reducing the
power lost to within-cycle velocity fluctuations of the boat. However, coupled
oscillator dynamics predicts the stability of the coordination to decrease with
increasing stroke rate, which in case of antiphase may eventually yield
breakdowns to in-phase. Therefore, this study examined the effects of increasing
stroke rate on in- and antiphase crew coordination in rowing dyads. Eleven
experienced dyads rowed on two mechanically coupled ergometers on slides,
which allowed the ergometer system to move back and forth as one ‘boat’. The
dyads performed a ramp trial in both in- and antiphase pattern, in which stroke
rates gradually increased from 30 strokes per minute (spm) to as fast as possible
in steps of 2 spm. Kinematics of rowers, handles and ergometers were captured.
Two dyads showed a breakdown of antiphase into in-phase coordination at the
first stroke rate of the ramp trial. The other nine dyads reached between 34-42
spm in antiphase but achieved higher rates in in-phase. As expected, the
coordinative accuracy in antiphase was worse than in in-phase crew coordination,
while, somewhat surprisingly, the coordinative variability did not differ between
the patterns. Whereas crew coordination did not substantially deteriorate with
increasing stroke rate, stroke rate did affect the velocity fluctuations of the
ergometers: fluctuations were clearly larger in the in-phase pattern than in the
antiphase pattern, and this difference significantly increased with stroke rate.
Together, these results suggest that although antiphase rowing is less stable (i.e.,
less resistant to perturbation), potential on-water benefits of antiphase over inphase rowing may actually increase with stroke rate.
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Introduction
Crew rowing is often quoted as the prime example of real-life joint action,
interpersonal coordination dynamics and synchronisation (e.g., De Poel, De
Brouwer, & Cuijpers, 2016; Keller, 2008; Marsh, Richardson, & Schmidt, 2009;
Richardson, Marsh, Isenhower, Goodman, & Schmidt, 2007; Sebanz & Knoblich,
2009), and for group processes in general as well (e.g., Ingham Levinger, Graves,
& Peckham, 1974; King & De Rond, 2011). The degree of synchronisation between
the rowers in a boat is generally regarded as an important determinant for optimal
crew performance (e.g., Hill, 2002; Wing & Woodburn, 1995). Even a team of
individually strong and technically skilled rowers will probably not win the race if
they do not properly coordinate their movements together. Researchers, coaches
and rowers agree that to achieve optimal performance of the crew, rowers must
row in perfect synchrony (O’Brien, 2011). Despite the well-known tendency of
humans to synchronise their movements (e.g., Richardson, Marsh, & Schmidt,
2005), though, rowing in sync does not come naturally. Inexperienced crews often
have difficulties to row in a common rhythm, and it often takes many years to
perfect the synchrony of the crew. In the current study, we examine such crew
synchronisation processes. Before testing on water, we chose to first study the
coordination of rowing dyads in a controlled laboratory setting. More specifically,
using a setup of coupled rowing ergometers (see below), the current study
investigated the effect of movement frequency on crew coordination.
With regard to crew coordination it is important to note that a stroke cycle
consists of two phases, namely the drive, during which force is applied to the blade
in order to move the boat relative to the water, and the recover, during which the
rowers return to their former position. Hence, there is discontinuous propulsion.
Moreover, the rowers are seated on sliding seats, which allows for the essential
contribution of the strong leg extensor muscles to the propulsion. In each stroke
cycle the relatively heavy crew concurrently pushes off against the foot stretchers,
thereby causing the relatively light boat to accelerate in the opposite direction of
the crew. As a result, the velocity of the boat fluctuates within each rowing cycle,
which implies a 5-6% power loss (Hill & Fahrig, 2009; De Brouwer, De Poel, &
Hofmijster, 2013; Hofmijster, Landman, Schmidt, & Van Soest, 2007).
Interestingly, theoretically, an out-of-phase crew coordination pattern
may minimise this power lost to velocity fluctuations of the boat (Brearly, De
Mestre, & Watson, 1998). By perfectly alternating their strokes, the produced
forces and associated movements of the rowers perfectly counteract each other,
yielding the net centre of mass of the crew to stay close to the centre of mass of
the boat. As a result, the shell velocity remains near to constant over the whole
rowing cycle. A recent off-water study in which dyads rowed on mechanically
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linked ergometers at a rate of 36 strokes per minute (spm) confirmed that,
compared to in-phase rowing, antiphase crew coordination drastically decreased
ergometer displacement, and demonstrated that the 5-6% power lost to velocity
fluctuations was indeed regained in the antiphase rowing condition (De Brouwer
et al., 2013).
Although antiphase rowing might be beneficial due to reduction of
velocity fluctuations of the boat, the question is how stable antiphase patterns
can be performed at the higher stroke rates as typically seen in racing. From
coordination dynamics literature (Kelso, 1884; Haken, Kelso, & Bunz, 1985;
Schmidt, Carello, & Turvey, 1990; Schmidt, Bienvenu, Fitzpatrick, & Amazeen,
1998; Schmidt, & Richardson, 2008) it is known that an increase in movement rate
may destabilise the coordinative performance, especially for antiphase
coordination (Haken et al., 1985; Schmidt et al., 1990; 1998), which at a critical
frequency yields transitions towards in-phase coordination (Kelso, 1984; Haken et
al., 1985; Schmidt et al., 1990). As stroke rates during a race can reach values over
40 spm, it is interesting to examine whether antiphase crew synchronisation can
be maintained with sufficient stability at the highest movement frequencies. For
these reasons, the present study set out to systematically examine both in-phase
and antiphase crew rowing at increasing stroke rates, from a coordination
dynamics perspective.

Coordination dynamics

The coordination between people has been studied for a range of cyclic
movement tasks, such as moving hand-held pendulums (Amazeen, Schmidt, &
Turvey; 1995; Schmidt, & Turvey, 1994), rocking chairs (Richardson, Marsh,
Isenhower, Goodman, & Schmidt, 2007), joint stepping (Miles, Griffiths,
Richardson, & Macrae, 2010) and side-by-side walking (Van Ulzen, Lamoth,
Daffertshofer, Semind, & Beek, 2010) (for an overview, see e.g., Schmidt &
Richardson, 2008). Given the cyclical nature of the rowing act, along with the fact
that it has to be performed in coordination with other rowers, crew rowing
movements can be modelled as coupled oscillations. As such, coordination
dynamics offers a pertinent theoretical approach to study crew synchronisation.
From this perspective, the coordination between two oscillatory components can
be described in terms of the relative phase (ϕ), formulated as:

f = q1 - q2

(Eq. 4.1)

with θ1 and θ2 depicting the phase angle of each oscillator (i.e. were it resides in
its cycle from 0° to 360°). From studies on bimanual interlimb coordination, it is
known that people are generally able to perform two stable coordinative patterns,
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namely in-phase coordination (ϕ = 0°), wherein the rhythmic hand movements
perfectly coincide, and antiphase coordination (ϕ = 180°), in which the rhythmic
movements perfectly alternate with half-a-cycle difference. Other coordinative
patterns are unstable without training (Zanone, & Kelso, 1992).
For both within- (Kelso, 1984; Haken et al., 1985) as between-person
coordination (Richardson et al., 2007; Schmidt et al; 1990; 1998) it has been shown
that when people start coordinating in an antiphase pattern, an increase in
movement frequency typically results in a transition to in-phase coordination.
Importantly, when people start in in-phase, no transition to another pattern (e.g.,
antiphase) occurs. The fact that this phenomenon is observed in both within- and
between-person coordination indicates that the source of coupling (neural,
perceptual, or otherwise) is immaterial for the synchronisation process (Lagarde,
2013; Schmidt, Fitzpatrick, Caron, & Mergeche, 2011).
As an account for these behavioural phenomena, Haken et al. (1985) formulated
a model of two non-linearly coupled limit cycle oscillators from which an equation
of motion could be derived that captures the rate of change in relative phase angle
between the two oscillating components, following:

φ! = − a sin φ − 2bsin 2φ

(Eq. 4.2)

with a affecting the attractor strength of in-phase coordination, and b affecting
the attractor strength of both in- and antiphase coordination. The ratio b/a is
directly related to the movement frequency. Given Equation 2, at low frequencies
(i.e., b/a > .25) the model has two stable attractors, namely in-phase and
antiphase coordination, while at higher movement frequencies (i.e., b/a < .25) the
attractor strength of both in- and antiphase decreases with increasing frequency,
although this decrease is stronger for antiphase than for in-phase coordination.
This frequency effect for in- and antiphase has been supported in numerous
bimanual studies (see Kelso, 1995 for an overview) and between-persons studies
Schmidt et al., 1990; 1998). The coupled oscillator model shows that, due to
coupling forces, at a certain critical frequency the antiphase pattern is not stable
anymore and the coordination is compelled towards a transition to the remaining
stable in-phase pattern. Would this also show up in crew rowing at increasing
stroke rates?
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In-phase vs. antiphase crew coordination

De Brouwer et al. (2013) showed that, consistent with previous studies on
coordination dynamics, antiphase crew coordination (as measured by the phase
relation between the rowers’ centres of mass) was less accurate and less
consistent compared to conventional in-phase crew coordination. Still, although
the dyads in that study performed an antiphase pattern for the first time ever,
they demonstrated strikingly little difficulty rowing in antiphase, even at the
rather high stroke rate of 36 spm. This clearly confirmed the intrinsic stability of
the interpersonal antiphase pattern and the ease to perform this pattern.
However, in their steady state trials, one dyad showed a brief breakdown of the
antiphase pattern towards in-phase crew coordination (De Brouwer et al., 2013).
This suggests that despite the apparent ease with which antiphase rowing was
performed, this pattern is still less stable and therefore more prone to
perturbations of any kind, which may break down the coordination pattern.
For obvious reasons, most studies regarding interpersonal coordination
emphasise perceptual coupling (mainly visual) in mediating synchronisation
processes (Kelso, 1995; Meerhoff, De Poel, & Button, 2014; Oullier, De Guzman,
Jantzen, Lagarde, & Kelso, 2008; Richardson et al., 2005; Schmidt et al., 2011). In
crew rowing, though, there is also a direct physical coupling between the rowers,
namely through the boat that they share. To date not many studies on
interpersonal coordination have addressed this type of coupling. Crew rowing may
therefore serve as an interesting experimental task to provide insights into
coordinative behaviour of mechanically coupled individuals (see also Harrison, &
Richardson, 2010). To create the physical coupling and address the effect of crew
coordination on ‘boat’6 movements, similar to De Brouwer et al. (2013), we used
two rowing ergometers serially placed on slides to allow these to move back and
forth as one ‘boat’ (see Fig. 1 and Experimental Setup). Obviously, rowing on water
differs from rowing on linked ergometers (see Discussion). Yet, the kinematics of
ergometer rowing are largely similar to those of on-water rowing (Lamb, 1989),
particularly for free-floating ergometers as used in the present study (Colloud,
Bahuaud, Doriot, Champely, & Cheze, 2006; Elloit, Lyttle, & Birkett, 2002). In sum,
given the above, we expect faster stroke rates to involve poorer crew
synchronisation for both in- and antiphase rowing, with a stronger effect for
antiphase. Most importantly, antiphase crew coordination is expected to break
down with increasing stroke rate.

6

Note that with ‘boat’ (between apostrophes) we refer to the mechanically linked ergometers.
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Method
Participants

Eleven male rowing dyads participated in the experiment (age 24 ± 5
years; length 1.86 ± 0.05 m; mass 76.86 ± 8.27 kg; rowing experience at club level
5 ± 3 years). Nine dyads signed up for the experiment as actual teammates, while
the other two dyads were composed based on availability for the experiment and
matched for body mass. All participants provided written informed consent prior
to participation. The individuals in the movies in the supplementary material
(S1_Movie and S2_Movie) have given additional written informed consent (as
outlined in the PLOS consent form) to publish video material of their experimental
trials. The Ethics Committee of the Center for Human Movement Sciences,
University Medical Center Groningen approved the study that was conducted
according to the principles expressed in the Declaration of Helsinki.

Experimental setup

Trials were performed using two mechanically coupled rowing ergometers
(Type D, Concept2, USA) serially placed on slides (see Fig. 1). This setup allows the
ergometers to move with respect to the floor as a single ‘boat’, reminiscent of on
water rowing. The resistance of the ergometer flywheels was set at a level that
reflected on-water blade resistance. Dyads determined and set the resistance at
an aerobic constant between 0.96·10-4 kg·m2 and 1.20·10-4 kg·m2 (i.e., drag factor
96-120). Rowers within a dyad rowed at the same drag factor.
The kinematics of the rowers and ergometer system were recorded with
a Vicon Motion Analysis System (Vicon Motion Systems, Inc., Centennial, CO),
using 17 retro-reflective markers. Three markers were placed on the ergometer
of the stroke rower, the remaining markers were placed on both sides and on the
middle of each handle and on both left and right shoulder (acromion) and hip
(greater trochanter) of each rower, as depicted in Figure 1. Using 8 infrared
cameras placed around the measurement volume, the markers’ 3D-trajectories
were collected at a sample rate of 200 Hz.
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Figure. 1. Experimental setup. Note that only the markers placed on the right side
are shown. See also S1_Movie and S2_Movie for exemplary movies.

Protocol

To warm up and get familiar with the experimental setup, each dyad
started with rowing five minutes in in-phase coordination and five minutes in
antiphase coordination at a self-chosen stroke rate (about 20-24 spm), including
about 30 s of rowing at a higher stroke rate (>30 spm) for each condition. After a
short break, each dyad performed a two-minute in-phase and a two-minute
antiphase trial at 30 spm in counterbalanced order with at least five minutes of
rest in between. Next, for both in- and antiphase crew coordination the dyads
performed a ramp trial in which they were instructed to increase stroke rate every
30 s with 2 spm, starting from 30 spm until the dyad could not increase the stroke
rate any further. The rowers received feedback about stroke rate on a monitor
(PM4, Concept 2, USA; see Figure 1). Exemplary movies of in- and antiphase
rowing are provided in S1 and S2.

Data analysis

Since in the current study we were specifically interested in the
occurrence of coordination breakdowns and the stability of crew coordination
over increasing stroke rates, we only report the analysis of the ramp trials.
Movement data were analysed in the sagittal plane using customized procedures
(Matlab, MathWorks, USA). From these movement data three kinematic time
series were used: 1) forward-backward trunk movement of both rowers
(estimated as the mean position of hip and shoulder markers) with respect to the
‘boat’ movement; 2) handle positions (estimated from the three markers placed
on the handles) relative to the ‘boat’ movement; and 3) ‘boat’ position estimated
from the three markers placed on the ergometer system). These data were filtered
using a bidirectional second order low-pass Butterworth filter with a 15 Hz cut-off
frequency.

68

Relative phase
The instantaneous spatio-temporal relation between the rowers’ trunk
movements was expressed by the continuous relative phase (ϕ, see Equation 1).
First, the continuous phase angles θi, with subscript i depicting the stroke rower
(1) and bow rower (2) respectively, were determined using

æ v (t ) ö

qi ( t ) = tan -1 çç i ÷÷
è xi ( t ) ø

(Eq. 4.3)

with xi indicating horizontal trunk position and vi the trunk velocity normalised by
the angular frequency for each half cycle separately, following Varlet and
Richardson (2011) (for similar half-cycle normalization procedures, see (De Poel,
Peper, & Beek, 2007; 2009). The normalization was done because in rowing the
drive (cf. backward movement) and recovery (cf. forward movement) are typically
not equal in duration Hill, 2002; Martin & Bernfield, 1980), hence the backward
movements had a slight but systematically higher movement frequency than the
forward movements (see also De Brouwer et al., 2013; Varlet, Filippeschi, BenSadoun, Ratto, Marin, Ruffaldi, & Bardy, 2013). Start and end of each half cycle
were based on the instances of the minimum and maximum excursions of the
signal, which were determined using a custom made peak-picking algorithm. From
the thus obtained phase angles, the continuous relative phase ϕ (t) was
determined according to Equation 4.1.
Apart from the drive and recovery differing in duration, a rower spends
more time around the finish than around the catch of the stroke (De Brouwer et
al., 2013; Martin & Bernfield, 1980), which implies that in rowing the movement
cycle deviates from perfect harmonicity. Therefore, we also calculated a discrete
measure of relative phase that is not sensitive to such inharmonicities. As such,
for both handle and trunk movements, we determined the discrete relative phase
based on point-estimates of peak excursions near the catch of the stroke, which
was calculated for each full cycle as:

fPE =

t2, j - t1, j
t1, j +1 - t1, j

360°
(Eq. 4.4)

in which t1,j and t2,j indicate the time of the jth peak of the trunk and handle position
of rower 1 and 2.
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Dependent measures

The data were analysed over steady state bins for each stroke rate. These
bins were selected based on inspection of stroke rate time series. Evidently, each
2 spm change in stroke rate involved a transient stage, which in some cases lasted
longer than in other cases. Hence, the bins could only be determined a posteriori.
Due to the variation in transient stages, selected bins ranged between 6 and 12
strokes/bin. For each bin, the following measures were determined. Means and
standard deviations of relative phase measures were determined using directional
(i.e., circular) statistics (Mardia, 1972). As a measure of coordinative variability,
we calculated the standard deviation of the discrete relative phase based on trunk
positions (SDϕPE). We used relative phase base on trunk position data, because
displacement of the body is directly related to the displacement of the
ergometers. Next to that, coordinative variability was also determined from
handle movements (SDϕPE-H), as the handle movements serve as end-effector of
the rowing movement (i.e., force is applied to the water/flywheel via the
handles/oar(s)). In order to minimize boat velocity fluctuations, antiphase crew
coordination not only needs to be stable, but also accurate. Therefore, the
absolute deviation from the intended pattern (0° or 180°) was calculated for each
time sample of the continuous relative phase ϕ, and then averaged in each bin to
obtain the absolute error of relative phase (AEϕ). To provide an indication of the
above-described inharmonicity within the rowing cycle for each individual rower,
for each stroke rate bin, the mean ratio of the backward to forward trunk
movement duration (ratio) was calculated. Finally, to provide insight into the
effect of in- and antiphase crew coordination on ‘boat’ movements, variability of
the ergometer velocity (SDvE) was calculated for each bin.

Statistical analysis

Each of the abovementioned dependent measures was subjected to a 2
Pattern × 4 Tempo repeated-measures ANOVA. For this analysis, we selected the
first four levels of stroke rate (i.e., around 30-32-34-36 spm) because, as we will
see, dyads achieved different maximal stroke rates in each condition, which would
preclude proper comparison of all stroke rates. Furthermore, because three dyads
did not achieve at least four stroke rate levels in each condition, these could not
be included in this analysis. An α of .05 was adopted for all tests of significance.
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Results

Results
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Table 1. Performed mean stroke rate at final bin for each dyad in in-phase and
Table 1. Performed mean stroke rate at final bin for each dyad in in-phase and
antiphase
crew coordination. Dyads 4 and 8 showed a transition from antiphase
antiphase crew coordination. Dyads 4 and 8 showed a transition from antiphase
to
in-phase.
to in-phase.
Dyad
nr
9 10 10
11
Dyad nr
11
22
33 4 4 5 5 6 6 7 7 8 89
11
In-phase
39.3 37.8
37.8 42.2
42.235.9
35.946.246.248.348.3
In-phase
39.3
41.541.5
39.7 39.7
39.9 39.9
44.6 44.6
44.0 44.0
Antiphase
37.6
36.8
34.6
31.3
37.0
40.9
35.9
32.9
35.8
36.7
Antiphase 37.6 36.8 34.6 31.3 37.0 40.9 35.9 32.9 35.8 36.7 41.9 41.9
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Figure 2. An example of a transition from anti- to inphase crew coordination
around 32 spm. Movements of rowers (upper panel) and ‘boat’ (middle panel), and
continuous relative phase (lower panel).

Coordinative performance

The effect of stroke rate on steady state crew coordination is depicted in
Figures. 3 and 4. For SDϕPE and AEϕ no significant main effect of Tempo, nor a
significant Pattern × Tempo interaction was present. For SDϕPE-H (i.e., coordination
based on the handles), a significant main effect of Tempo was found, F(3,21) =
3.102, p < .05, ηp2 = .307. Post hoc analysis (Bonferroni-corrected t-tests) of this
main effect revealed no significant differences between the four levels of stroke
rate. Looking at the mean values of SDϕPE-H for each tempo condition (30 spm:
4.13°, 32 spm: 3.21°, 34 spm: 4.24°, 36 spm: 4.81°) the main effect suggests a slight
increase in variability towards the higher stroke rate (see also Figure 3, lower
panels).
Regarding the difference between in- and antiphase, AEϕ was higher for
antiphase than for in-phase crew coordination (Table 2, see also Figures 3 and 4),
which was confirmed by a significant main effect for Pattern (see Table 2). Quite
remarkably, the coordinative variability (both SDϕPE and SDϕPE-H) did not differ
significantly between the in- and antiphase pattern (Table 2, see also Figure 3
lower panels) as there was neither a significant effect of Pattern nor a Pattern ×
Tempo interaction.
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Table 2. Mean values for in-phase and antiphase rowing in terms of interpersonal
coordination (SDϕPE, SDϕPE-H, and AEϕ), ergometer velocity fluctuations (SDvE) and
drive-recovery ratio (ratio), and RM ANOVA statistics.
Mean values
RM ANOVA results
In-phase
Antiphase F
df, error p
ηp2
SDϕPE (°)
2.235
4.183
4.753
1, 7
.066
.404
SDϕPE-H (°)
4.813
3.438
2.366
1, 7
.168
.253
AEϕ (°)
4.125
17.189
21.919
1, 7
<.005
.758
2
SDvE (m/s ) 0.667
0.221
931.383 1, 7
<.001
.993
ratio
.814
.884
44.861
1, 15
<.001
.749
In-phase

SD φ PE (°)

15

Antiphase
Pairs
Mean values

10

10

5

5

0
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45
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15

0
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35
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30
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40
Stroke rate (spm)

45

50

45

50

15

10
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5

5

0

Pairs
Mean values

15

30

35
40
Stroke rate (spm)

45

50

0

Figure 3. Variability of discrete relative phase. Values based on trunk movements
(upper panels) and handle movements (lower panels) for in-phase (left panels) and
antiphase (right panels) crew coordination depicted against performed stroke
rates for all eleven dyads. Black lines indicate the means over the eight dyads as
used in the RM ANOVA for stroke rates 30-36.
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Figure. 4. Accuracy of continuous relative phase. Absolute error of in-phase (left
panel) and antiphase (right panel) crew coordination. Values depicted against
performed stroke rates for all eleven dyads. Black lines indicate the means over the
eight dyads as used in the RM ANOVA for stroke rates 30-36.

Backward-forward movement ratio

Similar to De Brouwer et al. (2013), trunk movements of the rowers were
slightly faster during the drive than in the recover, for both in- and antiphase crew
coordination. This was reflected by the ratio values that were generally lower than
1. From Figure 5A it seems that the ratio increased with stroke rate, especially for
in-phase rowing, indicating that the rowing cycle became more harmonic. This was
supported by the results from a 2 Pattern × 4 Tempo repeated-measures ANOVA
over the first four tempo levels (see ‘Statistical analysis’) for the ratio of both
rowers of these 8 dyads (n=16). This analysis revealed that the ratio was
significantly higher (i.e. closer to 1) for the antiphase pattern (see Table 2) and
that for both in-phase and antiphase crew coordination the ratio increased with
tempo for 30-36 spm, given the main effect of Tempo F(1.50,22.55) = 19.89, p <
.001, ηp2 = .570. The Pattern x Tempo interaction did not reach significance.
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Figure 5. Drive-recovery ratio. Ratio for individual rowers in in-phase (left panel)
and antiphase crew coordination (right panel), depicted against performed stroke
rates for all eleven dyads. Note that for clarity of presentation, we only plotted the
ratios of each stroke rower (i.e. rower 1). Black lines indicate the means over the
sixteen rowers as used in the RM ANOVA for stroke rates 30-36.

Movements of the ergometer system (‘boat’)

Figure 6 shows that the fluctuations in ergometer velocity, as indicated by
SDvE, were much lower for antiphase than for in-phase crew coordination, yielding
a significant main effect of Pattern (see Table 2). Furthermore, whereas for inphase SDvE clearly increased with stroke rate, Figure 6 suggests that for antiphase
crew coordination this was not the case. This was corroborated by a significant
Pattern × Tempo interaction, F(3,21) = 74.93, p < .001, ηp2 = .915. Analysis of the
simple effects confirmed a significant effect of Tempo for in-phase, F(2.04,11.36)
= 152.38, p < .001, ηp2 = .956, but not for antiphase, F(1.75,12.24) = 1.59, p = . 243,
ηp2 = .185. These effects of pattern and tempo on ergometer movement can also
be observed in Figure 7, which provides examples of the rowers’ trunk movements
and the ergometer movement during a few strokes of in-phase and antiphase
rowing at 32 spm and at 40 spm.
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Figure 6. Variability of ‘boat’ velocity. Values for in-phase (left panel) and
antiphase (right panel) crew coordination depicted against performed stroke rates
for all eleven dyads. Black lines indicate the means over the eight dyads as used in
the RM ANOVA for stroke rates 30-36.
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Fig. 7. Example of movements of rowers and ‘boat’. Example of in-phase (left
panels) and antiphase (right panels) crew coordination at 32 spm (upper panels)
and 40 spm (lower panels).
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Discussion
This study examined in- and antiphase crew coordination at increasing
stroke rates on mechanically linked ergometers. The main aim was to investigate
whether with an increase in stroke rate antiphase crew coordination could still be
maintained stably or that it would break down into the more stable in-phase
pattern, as may be expected from coupled oscillator dynamics. Antiphase
breakdowns were observed for two of the eleven dyads, whereas no coordinative
breakdowns were seen for in-phase crew coordination. In antiphase, dyads did
not achieve stroke rates as high as in in-phase crew coordination. Still, the study
shows that most dyads were able to sufficiently maintain antiphase crew
coordination on linked ergometers at stroke rates as high as used in on-water
racing.

Coordination breakdowns

Two dyads showed a breakdown from anti- towards in-phase crew
coordination. These transitions already took place in the very beginning of the
ramp trial at 30-33 spm, which might suggest that the breakdowns were not
necessarily induced by an increase in movement rate. In line with this reasoning,
one of these dyads expressed trouble with antiphase crew coordination in general
(see ‘Results’), while the other dyad tried to restore the antiphase pattern, but
failed to do so. As can be observed in Figure 2, once antiphase crew coordination
is lost, the ‘boat’ starts moving at larger amplitudes and it is difficult to counter
these boat movements to regain antiphase (see below for more detailed
discussion: ‘On mechanical coupling’). Interestingly, after the experiment the
latter dyad mentioned that their initial antiphase breakdown (starting around the
6th s of the trial, see Figure 2) might have occurred because they temporary lost
their attention/concentration. This suggestion fits with earlier findings that
antiphase coordination requires more attention than in-phase coordination, also
in interpersonal tasks (Temprado & Laurent, 2004). It could well be that the
observed breakdowns were instigated by perturbing sources that were not related
to an increase in tempo. According to coupled oscillator dynamics, at higher
movement frequencies the coordination is less resistant to (either external or
internal) perturbations, especially for antiphase coordination (Scholz, Kelse, &
Schöner, 1987). As in the present experiment the ramp trials already started at a
reasonably high stroke rate (30 spm), at this tempo, the coordination might
already have been too sensitive to (e.g., attentional) perturbations for these two
dyads.
In contrast to the two dyads that showed breakdowns of their antiphase
rowing patterns, the remaining nine dyads were able to achieve antiphase crew
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coordination at rates maxing out at 34 up to 42 spm (see Table 1). In antiphase
crew coordination, these nine dyads did not achieve stroke rates as high as in inphase rowing. In principle, this might indicate that if they would have been able
to reach higher rates, antiphase breakdowns might have occurred. It is worth
mentioning that in previous experiments on transitions from anti- to in-phase
coordination, participants often were instructed ‘not to resist if they felt that the
pattern tended to change’ (e.g., Kelso, 1984; Schmidt et al., 1990). In the present
experiment, we simply instructed dyads to perform the instructed patterns up to
the fastest as possible rate. In other words, dyads may have decided to stop when
they felt they could not maintain the antiphase pattern anymore at a certain
tempo.

Achieved stroke rates

An additional explanation for the higher stroke rates attained in in-phase
as compared to antiphase crew coordination might be found in a difference in
‘boat’ movement in these two situations. The difference between the maximum
tempos in both patterns may (at least) partly be due to the ergometer setup. As
the slides allow the ergometers to float free with respect to the floor, in in-phase
the crew concurrently moves the ‘boat’ backward and forward because the weight
of the ‘boat’ is much lower than that of the crew (see also Introduction and Figs.
6-7). Previous research indicated that moving the light ergometer rather than the
heavy body makes it easier to achieve higher stroke rates compared to rowing on
an ergometer that is fixed to the floor (Holsgaard-Larsen, & Jensen, 2010). For
antiphase coordination, however, the forces and, hence, movements of the
rowers counteract each other and the system of ergometers stays approximately
at the same place (Figures 6-7). Thus, during antiphase rowing the free-floating
ergometers behave as fixed ergometers, which can partly explain why achieved
stroke rates were lower for antiphase rowing.
In the study of De Brouwer et al. (2013) a servomotor was used to resist
the movement of the ergometers, that is, to induce the velocity dependent
resistance that is present on the water. In the current experimental setup,
however, we did not use such an ‘extra’ resistance. Therefore, for in-phase rowing
the ‘boat’ could be moved with more ease compared to De Brouwer et al. (2013)
and compared to on-water rowing, which indicates that the highest tempos
reached in in-phase in the present experiment likely overestimate on-water stroke
rates. For antiphase rowing this was less of an issue because the ‘boat’ stayed
approximately still. Together, the higher stroke rates achieved in in-phase rowing
are at least in part due to 1) increased movements of the ergometer system, and
2) the fact that there was no resistance applied to the moving ergometers.
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Steady state coordinative performance

As mentioned before, we expected that for both patterns the crew
coordination would deteriorate with increasing stroke rate, with a stronger effect
for antiphase than for in-phase. Although we found a significant main effect of
stroke rate on the consistency of the coordination between handle movements
(as indexed by SDϕPE-H), the effect was rather small. If any, crew coordination
variability slightly increased towards the higher frequencies (see Figure 3). This
interpretation would be in line with expectations based on the coupled oscillator
model (see ‘Introduction’). That said, interpersonal pendulum swinging
experiments demonstrated that at high movement rates coordinative variability
indeed increased with tempo, while at very low movement rates (i.e. rates far
below the eigenfrequency of the pendulum) coordination also deteriorated
(Schmidt et al., 1998). This may be taken to suggest the existence of a stroke rate
at which crew coordination is optimal and that at lower stroke rates crew
coordination might also become less consistent. Note that in the present study we
compared ergometer rowing at rather high stroke rates (namely > 30 spm).
Regarding on-water rowing, there are indeed some indications that (in-phase)
crew synchronization is poorer for stroke rates < 30 spm. A study by Hill (2002)
reported that the mean synchronization offset of the catch was 14.2 ms for
endurance rowing (23-25 spm) and 11.2 ms for intensive rowing (31-41 spm).
Thus, for lower stroke rates, it remains to be examined whether there is a negative
(as predicted by the coupled oscillator model (Haken et al., 1985) or positive
relation between stroke rate and coordinative performance. In sum, however,
there was no compelling support that steady-state coordinative performance (for
both in- and antiphase) substantially changed over different stroke rates, given
that the tempo effect on handle coordination was rather marginal and also given
the lack of significant tempo effects in SDϕPE and AEϕ.
For most dyads, antiphase crew coordination seemed sufficiently stable
to maintain at the highest possible movement rates, which is a promising message
for potential on-water application. In line with previous findings De Brouwer et al.
(2013), in-phase crew coordination was more accurate than antiphase crew
coordination. Notably, for rates around 36 spm (i.e., the rate used in De Brouwer
et al., 2013) both the variability and accuracy values (see Figs. 3 and 4) were
reasonably smaller than in De Brouwer et al. (2013), especially for antiphase
rowing. A surprising finding was that coordinative variability (as indexed by SDϕPE
and SDϕPE-H) was not significantly higher for antiphase coordination, which is
counter to previous findings in rowing (De Brouwer et al., 2013) and ample
evidence from interpersonal coordination dynamics (Richardson et al., 2007;
Schmidt et al., 1990; 1998; 2008). This finding indicates that the dyads in the
present off-water study coordinated the catch in in- and antiphase rowing with
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comparable consistency. On water, the oars serve as the end-effectors of the
rowing movement, as forces are transferred to the water via the blades. Similar
to this, on the ergometer, forces are transferred to the flywheel through the
handle, which motivated us to analyse the coordination between the handle
movements as well. Note, however, that oar(s) are much heavier and involve more
inertia than the ergometer handles. As such, it is uncertain whether on-water oar
coordination would yield similar results.
In the present study, rowers adapted their individual rowing strokes to the
antiphase pattern, given that their backward-forward movement ratios suggested
more harmonic rowing cycles in the antiphase than in the in-phase condition.
Notably, De Brouwer et al. (2013) found no difference between in- and antiphase
crew coordination in this respect. The backward trunk movement (drive phase)
was faster than the forward trunk movement (recovery phase), as reflected by the
ratio values that were generally lower than 1 (Figure 5). Because for antiphase
crew coordination the drive of one rower coincides with the recovery of the other
rower, the inherent backward-forward asymmetry (i.e., ratio < 1) in the cycle of
each of the two individual components introduces extra fluctuations in their
continuous relative phase (see Figure 7), which is captured in the lower accuracy
of coordination in antiphase (as indicated by AEϕ, see Table 2 and Figure 4).
Hypothetically, if the movements would be perfectly harmonic (although given
the nature of the rowing stroke this is practically impossible) all boat velocity
fluctuations may cancel out. In this context it is noteworthy that, on average, in
antiphase the movements were indeed more harmonic (e.g., indicated by ratio;
see Figure 5) than for in-phase crew coordination, indicating that the rowers
adapted their rowing strokes in favour of the crew’s coordination pattern.
For both in- and antiphase crew coordination the trunk movement
became more harmonic (indicated by ratio) with an increase in stroke rate. For inphase crew coordination this is in line with indications from on-water rowing
which showed that at increasing stroke rates the recovery phase shortens relative
to the drive phase (e.g., Hill, 2002). Because the less harmonic movements at
lower stroke rates introduce more boat fluctuations (especially around the catch
and finish, see also De Brouwer, 2013), this may counteract efficiency-related
benefits of antiphase crew coordination (De Brouwer, 2013; Brearly et al., 1998).
In fact, it can be expected that at the lower stroke rates, for instance, during
endurance practice (18-24 spm) such benefits of antiphase rowing diminish.
Because of these and other reasons (see above), it might be interesting to
investigate in- and antiphase crew coordination at strokes rates < 30 spm.
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On mechanical coupling

Next to being perceptually coupled, the rowers in the experiment were
physically connected via the ‘boat’. Mechanical coupling differs from perceptual
coupling (e.g., haptic, auditory and visual coupling) in that it is not possible to
escape from: the body of each agent gets passively shaken by the movement of
the other agent (Lagarde, 2013), whereas perceptual coupling is mediated by the
degree to which an agent is sensitive to, or able to detect the pertinent
information (Meerhoff & De Poel, 2014), for instance by means of attention
devoted to the information source (Richardson et al., 2007; Meerhoff & De Poel,
2014). As an extreme example of the latter, one could simply close the eyes to
escape from visual coupling (Oullier et al., 2008). This implies that the mechanical
coupling might be more stringent than perceptual coupling. Although many
natural tasks involve mechanically coupled coordination, for instance shaking
hands, dancing the tango, or jointly moving furniture, (cyclic) coordination of
mechanically coupled humans has been relatively unexplored in scientific
literature (however, see, e.g., Harrison & Richardson, 2009; Bosga, Meulenbroek,
& Cuijpers, 2010). Note also that a direct physical link between humans always
implies kinaesthetic (i.e., haptic and proprioceptive) coupling, but that
kinaesthetic coupling can also be present without mechanical coupling. When
dyads coordinate their actions on the basis of haptic information (see also
Sofianidis, Elliot, Wing, & Hatzitaki, 2014), it has been shown that they amplify
their forces to generate a haptic information channel (Reed, Peshkin, Hartmann,
Grabowecky, Patton, & Vishton, 2006; Van der Wel, Knoblich, & Sebanz, 2011). A
similar principle may hold true for crew rowing, as Hill (2002) suggested that an
increase in force output in crew rowing provides a better kinaesthetic perception
via the boat, which may facilitate the mutual adaption of force patterns.
As noted, when antiphase coordination is lost it is challenging to return to
this pattern, because once the ‘boat’ starts oscillating at larger amplitudes it is
difficult to counter these movements (Figure 2). In fact, we might consider this
mechanical link to share similarities with the wall vibrations that underlay the
synchronisation of two pendulum clocks as Christiaan Huygens observed in 1665.
As a result of the exchange of energy through mechanical vibrations via the wall,
the initially uncoordinated clocks became coordinated over time in either in-phase
or antiphase coordination (Bennet, Schatz, Rockwood, & Wiesenfeld, 2002).
Relatedly, in experiments with metronomes placed on a freely moving base,
transitions from antiphase to in-phase occurred (e.g., Pantaleone, 2002).7 In this
non-living system, this is due to the mechanical coupling via a third part that can
Many movies are available on-line in which synchronizing of metronomes is demonstrated, of
which arguably the most illustrative can be found here
www.youtube.com/watch?v=yysnkY4WHyM and here www.youtube.com/watch?v=kqFc4wriBvE.
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move, namely the freely moving base. It is important to recognize that while in
perfect antiphase the metronomes’ movements completely cancel out the
movement of the base, this does not mean that there is no coupling, or less
coupling than in in-phase. In fact, in antiphase the effect of the coupling is smaller,
in that the base does not move, but once it starts moving (due to some internal or
external perturbation) the base movements influence the metronomes’
movements, causing them to reside into in-phase synchronization with the base
and, thus, with each other. Hence, a similar mechanical interpersonal link may
form a strong source for attraction to in-phase that is arguably more stringent
than for perceptual coupling (cf. Lagarde, 2013). In line with this, our study
demonstrated that transitions in between-person coordination occur not only in
purely visually coupled humans (Schmidt, 1990), but also when they are
mechanically linked. Similar to the metronomes, in the present experiment the
movements of each rower (cf. metronome) set the ‘boat’ (cf. base) in motion (see
Figure 2), thereby mechanically influencing the other crew member. In that sense,
both in intra- and interpersonal coordination, mechanical coupling may be
considered as a source of perturbation that requires anticipatory movements
(Baldissera, Rota, & Esposti, 2008). Alternatively, it may also stabilise coordination
by constraining the movements of the coupled agents (Harrison & Richardson,
2009).

Movements of the ergometer system (‘boat’)

The effect of crew coordination pattern on velocity fluctuations of the
‘boat’ was evident (see e.g., Figure7). Antiphase crew coordination resulted in a
reduction of about 60% in velocity fluctuations of the ‘boat’, consistent with
earlier findings De Brouwer (2013). Moreover, for in-phase rowing an increase in
stroke rate resulted in an increase in velocity fluctuations of the ‘boat’ (cf. Hill &
Fahrig, 2009), while this was not the case for antiphase rowing. These results
suggest that the effect of antiphase crew coordination on boat velocity
fluctuations becomes even more beneficial at higher stroke rates.

Generalisation to on-water rowing

Although ergometer rowing is not exactly the same as on-water rowing,
the results of the present study do allow to be generalised to on-water rowing.
Nevertheless, it is important to take into account that, for instance, there are no
lateral and vertical (angular) movements of the boat, handles are used rather than
oars (which have a certain length and weight), and oar handling technique and
hydrodynamics around the blades are not present in an ergometer task.
Furthermore, regarding the coupling underlying the synchronisation of the crew,
in interviews rowers have reported that they use several information sources to
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coordinate their movements, such as the looming of the rower in front of them,
the haptic channel and physical connection between rowers via the boat, and the
flow of water running past the boat (Millar, Oldham, & Renshaw, 2013). Evidently,
the latter was not present in the ergometer setup. Nonetheless, although these
issues were beyond the scope of the present study, testing crew coordination onwater is the next important step.

Conclusions

Although the experiment was initially set up to invoke breakdowns of
antiphase coordination, only two transitions from anti- to in-phase occurred at the
very beginning of the ramp trial, whereas the other dyads easily maintained the
antiphase pattern at increasing stroke rates. A striking finding was that antiphase
crew coordination was not significantly more variable than in-phase crew
coordination. Together, the results suggested that although antiphase crew
coordination is less stable (i.e. less resistant to perturbations) than in-phase crew
coordination, it is certainly possible to maintain antiphase rowing at a sufficiently
consistent and accurate level at high movement rates. In fact, we only found minor
indications that crew coordination may deteriorate at increasing tempos. In
addition, antiphase rowing implies a significant reduce in velocity fluctuations of
the ‘boat’, an effect that grows even stronger with increased stroke rate. This
might suggest that benefits of antiphase rowing may actually increase with stroke
rate.
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Abstract
Although most research on interpersonal coordination focuses on
perceptual forms of interaction, many interpersonal actions also involve
interactions of mechanical nature. We examined the effect of mechanical coupling
in a rowing task from a coupled oscillator perspective: 16 pairs of rowers rowed
on ergometers that were physically connected through slides (mechanical
coupling condition) or on separate ergometers (no mechanical coupling
condition). They rowed in two patterns (in- and antiphase) and at two movement
frequencies (20 and 30 strokes per minute). Seven out of sixteen pairs showed
one or more coordinative breakdowns, which only occurred in the antiphase
condition. The occurrence of these breakdowns was not affected by mechanical
coupling, nor by movement frequency. For the other nine pairs, variability of
steady state coordination was substantially lower in the mechanical coupling
condition. Together, these results show that the increase in coupling strength
through mechanical coupling stabilizes coordination, even more so for antiphase
coordination.
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Introduction
Coordinating our actions with others is a natural part of daily life. There is
a tendency to synchronize, which is so powerful that individuals often entrain their
movements even without being aware of doing so (e.g., Richardson, Marsh,
Isenhower, Goodman, & Schmidt, 2007). For instance, when walking side-by-side
with someone else, there is a natural tendency to fall in step (e.g., Van Ulzen,
Lamoth, Daffertshofer, Semin, & Beek, 2008), and during conversation the mere
connection through the rhythms in talk alone is sufficient for bodily
synchronization to arise between individuals (Shockley, Santana, & Fowler, 2003).
This indicates that as long as there is some form of interaction, or coupling,
synchronization emerges between persons to some degree (e.g., Lagarde, 2013).
In other forms of interpersonal interaction, synchronization is deliberately
established, such as in crew rowing (De Poel, De Brouwer, & Cuijpers, 2016). A
rowing crew moves in synchrony to achieve optimal performance: collective
performance is defined by the behaviour of the crew as a unit rather than the
summed individual contributions of each rower (De Poel et al., 2016). Notably,
rowers are not only perceptually coupled: an important source of interaction for
the rowing crew is the mechanical link between the rowers through the boat.
Whereas studies on interpersonal coordination dynamics have almost exclusively
focused on perceptual coupling (e.g., seeing or hearing the movements of the
other, see Schmidt & Richardson, 2008), the effects of mechanical coupling on
interpersonal coordination are relatively unexplored (e.g. Harrison & Richardson,
2009; Marmelat & Delignieres, 2012). Here, we present results of an experimental
lab study that examines the coordination between two rowers on ergometers
when mechanical coupling is either present or absent.

Coupled oscillator dynamics

Given the cyclical nature of the rowing stroke, we can consider a crew of
rowers as a system of coupled oscillators (De Poel et al., 2016). In their seminal
paper, Haken, Kelso and Bunz (1985) modeled such coupled oscillators (in their
HKB-model) to capture within-person synchronization processes as observed in
Kelso (1984). Among other things, the HKB-model captures that coordinative
stability for both in-phase and antiphase coordination decreases with an increase
in movement frequency. At a certain frequency, the antiphase pattern becomes
unstable, resulting in a transition to the stable in-phase pattern. As this transition
is approached, critical fluctuations become apparent, reflected in an increase in
variability of relative phase, which signifies the decrease in stability of the
coordination pattern (Kelso, Scholz, & Schöner, 1986). In the HKB-model (and also
in other coupled oscillator models, see, e.g., Pikovsky, Rosenblum, & Kurths,
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2001), the strength of the coupling reflects the degree to which the components
that constitute the system influence each other. The model predicts that attractor
strength (reflecting the stability of a pattern) increases with coupling strength
(e.g., Fuchs & Jirsa, 2008; De Poel, 2016; Haken et al., 1985). Hence, theoretically,
stronger coupling stabilizes coordination (Haken et al., 1985).
Importantly, it has been empirically shown that these coupled oscillator
principles also apply to coordination beyond bimanual coordination, for instance
sensori-motor coordination (e.g., Kelso, Fink, DeLaplain, & Carson, 2001;
Wimmers, Beek, & Van Wieringen, 1992), coordination with a virtual partner
(Dumas, De Guzman, Tognoli, & Kelso, 2014; Dumas, Lefebvre, Zhang, Tognili, &
Kelso, 2018) and, important in the present context, interpersonal coordination
(Richardson et al., 2007; Schmidt, Carello, & Turvey, 1990; Schmidt, Bienvenu,
Fitzpatrick, & Amazeen, 1998; Schmidt & Richardson, 2008).
Previous laboratory experiments on crew rowing (Cuijpers, Zaal & De Poel,
2015; De Brouwer, De Poel, & Hofmijster, 2013), in which rowers rowed on
coupled ergometers8, confirmed that in-phase rowing was more stable than
antiphase rowing. However, the results of Cuijpers et al. (2015) did not completely
align with frequency-related predictions from coupled oscillator dynamics (Haken
et al., 1985). That is to say, Cuijpers and colleagues tested whether an increase in
movement frequency would result in a transition from antiphase to in-phase
coordination. Dyads rowed in in-phase and antiphase coordination starting at 30
strokes per minute (spm) and increased their movement frequency every 30 s until
they could not increase their movement frequency any further. The rowers were
instructed to return to the intended pattern when they slipped into another
pattern. In contrast with predictions from the HKB-model, increasing movement
frequency did not yield transitions from antiphase into in-phase coordination (two
transitions were observed, but these did occur already at the lower stroke rates
of 30-33 spm). Moreover, for both patterns the variability in relative phase did not
seem to change between stroke rates of 30 and 36 spm. These results led to the
suggestion that the mechanical coupling may be such a strong form of coupling
that it annihilates a frequency-related decrease in stability and the associated
transitions from anti- to in-phase coordination. It seems worthwhile to test this
head-on by investigating the stability of crew coordination over different tempos
with and without mechanical coupling.

8 The ergometers are connected through slides allowing the ergometers to move with respect to the
ground (to simulate the movements of the boat with respect through the water and to be connected
to become one ‘boat’ - see “Experimental_Conditions.mp4”). Similar to on-water rowing, the rowers
are connected to each other via the footplates that are fixed on the ergometers. The seats of the
rowers can move independently from each other, as do the handles; these are connected to
individual flywheels.
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Coupling

As in crew rowing, many interpersonal tasks, such as jointly carrying and
moving large objects (Lanini, Duburcq, Razavi, Le Goff, & IJspeert, 2017), dance
(Sofianidis, Elliott, Wing, & Hatzitaki, 2014), holding hands while walking (Roerdink
et al., 2016; Sylos-Labini et al., 2018), or rope-skipping (Huys, Kolodziej, Lagarde,
Farrer, Darmana, & Zanone, 2018) also involve mechanical coupling in terms of
physical interactions. Mechanical coupling (in crew rowing via the boat that the
rowers share) may be considered as a substantial form of coupling, because there
is no way to ‘escape’ from the direct physical interaction, as an agent/component
gets passively moved due to forces applied by the other agent/component
(Cuijpers et al., 2015). In crew rowing each rower pushes off against the boat (or
the ergometer in a lab setting), which alters the movement of the boat, and
thereby the movements of other crew members. In fact, even when a rower would
not actively be moving, he/she will be moved passively by the forces his crew
members apply to the boat. This is similar to the mechanical exchange in nonbiological systems, such as two metronomes that are jointly placed on a movable
base (Pantaleone, 2002) or coupled pendulum clocks (Huygens, 1665; see Bennet,
Schatz, Rockwood, & Wiesenfeld, 2002; Pikovsky et al., 2001; Kapitaniak,
Czolczynski, Perlikowski, Stefanski, & Kapitaniak, 2012).
A study that did explore mechanical coupling in interpersonal
coordination was the experiment by Harrison and Richardson (2009), in which
they combined two walking participants into a quadrupedal system. They
manipulated coupling both perceptually (using a blindfold) and mechanically
(strapping participants together using a foam appendage). Without the explicit
instruction to synchronise, patterns comparable to quadrupedal locomotion
emerged when participants were coupled. However, the authors only reported
which patterns occurred and how often they occurred, not how stable those
patterns were. This means that the direct relation between mechanical coupling
and the stability of interpersonal coordination was not reported.
A study on intentional (rather than spontaneous) mechanically coupled
interpersonal coordination, was the experiment by Marmelat & Delignières
(2012). In their study, pairs of participants were instructed to swing pendulums in
interpersonal in-phase synchrony, while coupling was manipulated by combining
and isolating different sources of interaction between them: in the ‘weak
coupling’ condition, participants wore earplugs and had only peripheral visual
access to the other participant; in the ‘intermediate coupling’ condition
participants had full access to visual and auditory information; and in the ‘strong
coupling’ condition they additionally sat arm-in-arm to exchange haptic
information. Note that by linking the arms together, participants are mechanically
coupled. The authors showed that coordinative stability only improved in the
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intermediate- and strong coupling condition with respect to the weak coupling
condition; no significant difference between the intermediate (no mechanical
coupling) and strong (mechanical coupling) coupling condition was found.
Next to such pure mechanical exchange, the physical connection via the
boat also implies that the rowers are able to perceive the forces. Previous lab
studies that focused on effects of such haptic/kinaesthetic interaction between
persons showed that participants performed better on a targeting task when they
were mechanically linked than when they performed the task individually (Reed,
Peshkin, Hartmann, Grabowecky, Patton, & Vishton, 2006). Moreover,
participants pulling a pole back and forth between two targets at different
movement frequencies and amplitudes tended to amplify their forces, especially
for more challenging conditions (e.g., higher movement frequencies and smaller
amplitudes; Van der Wel, Knoblich, & Sebanz, 2011). Such amplified force
exchange seems even more apparent in expert than novice dancers (Sawers,
Bhattacharjee, McKay, Hackney, Kemp, & Ting, 2017). Together, this suggests that
physically interconnected persons use the haptic coupling as a communication
channel (Reed, et al., 2006; Sawers, et al., 2017; Van der Wel et al., 2011). This
principle may hold for crew rowing as well. For instance, Hill (2002) suggested that
an increase in force produced via the oar(s) provides a better kinaesthetic
perception, which facilitates the mutual adaption of force patterns. Together, for
a rowing crew the mechanical (including the haptic/kinaesthetic) coupling via the
boat is considered to be a substantial from of coupling (Cuijpers et al., 2015).

Aim

The aim of this study is to test the effect of mechanical coupling on the
stability of interpersonal coordination using a crew rowing task. Rowers rowed on
ergometers that were connected through slides (mechanical coupling condition,
or MC) or not (no mechanical coupling condition, or NMC). When the rowers are
mechanically coupled, they set each other in motion and thus influence each other
more substantially than when they are not mechanically coupled. Therefore, we
expect that the mechanical coupling through the boat that the rowers share
stabilises interpersonal coordination.
As research on coordination dynamics further suggests that the stability
of coordination is affected by pattern (in- or antiphase) and movement frequency
(e.g., Kelso et al., 1986; Schmidt & Richardson, 2008), we asked participants to
row in in- and antiphase at two different movement frequencies (20 and 30 spm).
In line with the HKB-model, we expect in-phase to be more stable than antiphase
coordination. Furthermore, although the HKB-model predicts that coordinative
stability decreases with an increase in movement frequency, previous studies in
crew rowing suggest no effect of increasing movement frequency (Cuijpers et al.,

90

2015) or even an increase of coordinative stability with increasing movement
frequency (from 18 to 26 spm, see Cuijpers, Passos, Hoogerheide, Murgia,
Lemmink, & De Poel, 2017). By having our participants row in both patterns at two
stroke rates, we aim to address this mismatch between the theoretical model (i.e.
the HKB model, that covers many tested instances of interpersonal coordination)
and previous empirical findings on crew rowing.

Method
Participants

Thirty-two rowers participated in the experiment (12 women, 20 men; age
22 ± 3 years; body height 1.85 ± 0.08 m; body mass 78 ± 10 kg; rowing experience
4 ± 3 years; training load 9 ± 5 hours per week), who were paired into 16
combinations. All pairs signed up together as team mates. Only rowers with at
least one year of experience in national competition were included. For more
detailed information on the different combinations, see Table 1 in Supplementary
Materials. Participants provided written informed consent. The local Ethics
Committee approved the study that was conducted according to the principles
expressed in the Declaration of Helsinki.

Experimental setup

Pairs rowed on two ergometers (Type E, Concept2, USA) placed behind
each other. The ergometers were placed on slides in order to reflect the
movement of the ‘boat’ with respect to the water (see Fig. 1). To manipulate
mechanical coupling, the ergometers were either connected to each other
(mechanical coupling condition or MC) through those slides (forming a mechanical
linkage as if they are rowing in the same boat) or disconnected from each other
(no mechanical coupling condition or NMC; see also Supplementary Materials
“Experimental_Conditions.mp4”.) Note that, regardless of whether the rowers are
mechanically (and thus also haptically/kinaesthetically) coupled, the rowers are
perceptually coupled in terms of visually (e.g., the stroke rower moving towards
or away from the bow rower) and auditory (e.g., the roaring of the ergometer
flywheels) coupling. The resistance of the ergometer flywheels was set at an
aerobic constant of 1.20 10−4•kg•m2 (i.e., drag factor 120, e.g., Cuijpers et al.,
2015; Den Hartigh, Marmelat, & Cox, 2018).
The kinematics of the rowers and ergometers were recorded with an
Optotrak Motion Capture System (Northern Digital Inc., Canada) using 12 markers.
As illustrated in Fig. 1, five markers were placed on the left side of each rower; on
the wrist, hip (greater trochanter) and three on the shoulder. Two markers were
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placed on the ergometers. The markers’ 3D trajectories were recorded at 150 Hz
using four Optotrak cameras placed around the measurement volume.

Figure 1. Experimental setup. In the NMC condition (upper panel) rowers rowed on
separate slides, whereas in the MC condition (lower panel) the ergometers were
connected through the slides to move as one ‘boat’. Marker positions are indicated
by white dots (the shoulder marker consisted of three markers).

Protocol

To warm up each participant rowed individually for 5 min. Next, a number
of individual trials were administered to determine the individual force-profiles,
and to investigate whether rowers alter their force-profiles when rowing with
someone else. As the current study focuses on crew coordination, these individual
trials were left out of the analysis. Subsequently, to get familiar with the
experimental setup and the antiphase pattern, a pair rowed together for 5 min in
in-phase and 5 min in antiphase coordination with 2 min of rest before each set of
trials. Finally, pairs performed 2 sets (one with and one without mechanical
coupling) of 4 counterbalanced trials: 2 patterns (in-phase and antiphase)
performed and two tempos (20 and 30 spm). These sets consisted of 2 min trials
with 2 min of rest between the trials. The stroke rower received real-time
feedback about stroke rate on a monitor (PM4, Concept 2, USA). Similar to
previous crew rowing experiments (Cuijpers et al., 2015; De Brouwer et al., 2013),
rowers were instructed to return to the instructed pattern if they felt that they
were slipping into another pattern.
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Data analysis

Positions in the sagittal plane were analyzed using customized procedures
in Matlab (MathWorks, USA). From the positional data two sets of two kinematic
time series were calculated: 1) handle positions (based on the markers placed on
the handles) relative to their ergometers; and 2) forward-backward Center of
Mass (CoM) movement of both rowers (estimated as the mean position of hip and
shoulder markers) with respect to their ergometers (i.e., with respect to the
moving base). The time series were interpolated using a piecewise cubic
smoothing spline and filtered using a bidirectional second order low-pass
Butterworth filter with a 15 Hz cut-off frequency.
Relative phase
A discrete measure of relative phase based on point-estimates of handle and CoM
extrema near the catch and finish was calculated for each full cycle as:

𝜙𝜙/ (𝑡𝑡) = 8

8:,< 58=,<

:,<>= 58:,<

360°

(Eq. 5.1)

These extrema of the signals were determined using a custom-made peak-picking
algorithm. The catch is the start of the propulsive phase, where the blade enters
the water/ when the handle is closest to the flywheel and the finish is the end of
the propulsive phase, when the blade leaves the water/ the handle is farthest from
the flywheel. We chose these instances as the catch and finish are clear and
distinct points in the movement cycle which may be used as anchor point (Cuijpers
et al., 2017).
This discrete measure of relative phase was determined because the
rowing cycle deviates from perfect harmonicity as it consist of two clear halves,
namely the ‘drive’ (i.e., propulsive part of the stroke) and ‘recover’ (i.e., part of
the stroke where the rowers return to their catch-position), which differ in
duration (Cuijpers et al., 2015; De Brouwer et al., 2015; Martin & Bernfield, 1980).
As deviations from within-cycle harmonicity may introduce artefacts in the
calculation of continuous relative phase, we opted for a discrete measure of
relative phase that is not sensitive to such deviations from harmonicity.
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Dependent measures

For all trials, deviations from steady state, ‘Coordinative breakdowns’,
defined as a deviation of relative phase value ≥ 180° of the instructed pattern for
at least one movement full cycle, were counted. Note that such ‘breakdowns’ are
associated to the concept of ‘transitions’. In most coordination dynamics studies
the term ‘transition’ indicates a clean change from an anti- to an in-phase pattern,
after which participants (as instructed) do not return to the initial pattern. That is
to say, for such a definite change to occur, it is critical that the participants are
instructed to “not resist if they would feel they would slip into another pattern”
(e.g., see Kelso, 1984; 1995; Schmidt et al., 1990). In contrast, in the current study,
we instructed participants to return to the instructed pattern if they were slipping
out of the instructed pattern. This means that the ‘transitions’ that occurred in the
present study resulted in a temporary change of the antiphase pattern, after
which the rowers tried to restore their antiphase coordination. Therefore, to avoid
confusion, for the remainder of the article, we decided to not use the term
‘transition’ but to quantify short deviations from the instructed pattern as
‘coordinative breakdowns’.
Next, for the steady state trials (in which no coordinative breakdown
occurred), the time series were analysed over steady state bins (30 cycles) for each
condition. Based on the handle time series, for each condition standard deviations
(SD) of discrete relative phase (SDϕcatch and SDϕfinish) were calculated as measures
of coordinative stability.

Statistical analysis

To investigate the effect of coupling and stroke rate on the occurrence of
coordinative breakdowns, a Chi-square test was performed. Next, for the pairs
that showed steady state coordination (i.e. no coordinative breakdowns), each of
the above-mentioned dependent measures was subjected to a 2 (Coupling: NMC
vs. MC) ´ 2 (Pattern: in- vs. antiphase) ´ 2 (Tempo: 20 vs. 30 spm) repeatedmeasures ANOVA. Pairs that showed coordinative breakdowns were left out of
the latter analyses, as this would distort the results. An a of 0.05 was adopted for
all tests of significance. Interaction effects were further analysed via post-hoc
Bonferroni-corrected paired-samples t-tests.
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Results
Coordinative breakdowns

Rower position (cm)

All pairs were able to perform the two instructed stroke rates. Seven out
of the 16 pairs showed a total of eleven coordinative breakdowns. These only
occurred in antiphase coordination; no breakdowns from in- to antiphase rowing
took place. An example of a breakdown is depicted in Fig. 2 and in the
supplementary materials “Breakdown.mp4” (the first breakdown shown in the
footage is depicted in Fig. 2). As can be seen from both Fig. 2 and the footage, the
pairs are able to restore coordination within the next cycle. In the NMC condition
coupling condition 7 breakdowns occurred: 3 at 20 spm and 4 at 30 spm. In the
MC condition 4 breakdowns occurred: 3 at 20 spm and 1 at 30 spm. A Chi-squared
test performed over the occurrences of antiphase breakdowns revealed no
significant differences for Coupling nor Tempo.
Coordinative breakdown
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Figure 2. Example of a coordinative breakdown. The upper panel shows the
position of the stroke (solid line) and bow (dashed line) rower, the middle panel
shows the position of the ergometer system and the lower panel depicts the
discrete relative phase for both catch (red dots) and finish (blue dots).
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Variability of crew coordination

For the nine pairs who did not show any coordinative breakdowns, the
variability of coordination9 was compared over the different conditions and
included in the results below. In Fig. 3, the variability of relative phase at the catch
(SDϕcatch) and finish (SDϕfinish) are displayed (see Table 2 for means and standard
errors). The figure clearly shows that for both coordinative measures, crew
coordination is less variable for the in-phase pattern and the mechanical coupling
conditions. Indeed, both measures of coordinative variability (SDϕcatch and
SDϕfinish) were significantly affected by Coupling and Pattern, indicating more
variable coordination for the NMC condition and the antiphase pattern (see Fig.
3). For SDϕcatch the effect of Coupling was F(1,8) = 56.67, p < .001, ηp2 = .88 and
the effect of Pattern was F(1,8) = 36.40, p < .001, ηp2 = .82. For SDϕfinish the effect
of Coupling was F(1,8) = 35.57, p < .001, ηp2 = .82 and the effect of Pattern was
F(1,8) = 41.29, p < .001, ηp2 = .84.
Crew coordination variability at the catch (SDϕcatch) additionally showed a
significant main effect of Tempo (F(1,8) = 5.48, p = .047, ηp2 = .41), with less
variable coordination at the higher than at the lower stroke rate (for SDϕfinish the
effect of Tempo was F(1,8) = 4.590, p = .07, ηp2 = .37).
For both measures (SDϕcatch and SDϕfinish) an interaction effect of Coupling
´ Pattern was present (SDϕcatch: F(1,8) = 14.884, p = .005, ηp2 = .65 and SDϕfinish:
F(1,8) = 5.781, p = .043, ηp2 = .42). Post hoc analysis of this interaction effect
revealed that differential stability between in- and antiphase is larger in the NMC
condition than in the MC condition (see Fig. 4; SDϕcatch: all p’s < .02 and SDϕfinish:
all p’s < .01).

Next to the crew coordination based on the handle movements, we also determined crew
coordination based on the CoM positions (similar to Cuijpers et al., 2015 and De Brouwer et al.,
2013). This yielded similar results, except for the effect of Tempo for SDϕcatch (F(1,8) = 5.339, p =
.050, ηp2 = .400) and the interaction effect of Coupling x Pattern for SDϕfinish (F(1,8) = 2.979, p = .123,
ηp2 = .271). For conciseness, only the results based on the handle (as this is the end-effector of the
movement) are presented.
9
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Figure 3. Variability of relative phase at the catch (SDϕcatch) and finish (SDϕfinish).
Blue bars reflect the NMC condition, green bars reflect the MC condition. Error bars
represent standard errors. For mean values and standard errors, see
Supplementary Materials Table 2.
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Figure 4. Variability of relative phase at the catch (SDϕcatch) and finish (SDϕfinish)
averaged over stroke rates. Blue bars reflect the NMC condition, green bars reflect
the MC condition. Error bars represent standard errors.

97

Discussion
The aim of this study was to investigate the effect of mechanical coupling
on the stability of interpersonal coordination for different patterns and at
different movement frequencies. The current research question was instigated by
the observation that in previous crew rowing experiments (De Brouwer et al.,
2013; Cuijpers et al., 2015), no frequency-induced decrease of stability and
associated coordinative breakdowns were observed, which is counter to
predictions from the HKB-model (Haken et al., 1985). We hypothesized that the
mechanical linkage provided such a substantial form of coupling that crew
coordination was stabilised so that frequency-induced loss of stability and
associated coordinative breakdowns are prevented. To test this hypothesis rowers
rowed on ergometers that were connected through slides (mechanical coupling
condition) or moved separately (no mechanical coupling condition).

Coupling strength and differential pattern stability

The mechanical coupling indeed stabilised coordination, as for both
coordinative steady state measures crew coordination was less variable in the
mechanically coupled conditions. The difference in coordinative stability between
in- and antiphase coordination was smaller in the mechanical coupling condition
than in the no mechanical coupling condition. Thus, mechanical coupling stabilised
antiphase coordination to a larger degree than in-phase coordination. This
indicates that, although experimentally the coupling manipulation was the same
for both patterns, the effect of mechanical coupling was most pronounced for
antiphase. Possibly, the mechanical coupling had a larger potency to stabilise
antiphase than in-phase coordination as antiphase is intrinsically less stable than
in-phase (Haken et al., 1985; Kelso et al., 1986; Schmidt & Richardson, 2008). Note
that this in line with other empirical findings. In general, experimental
manipulations have been shown to have a larger (destabilizing) effect on antithan in-phase coordination (Kelso, 1995; Schmidt & Richardson, 2008), for
instance when implementing a difference in eigenfrequency between the
oscillating components (e.g., Amazeen, Schmidt, & Turvey, 1995), increasing
movement frequency (e.g., Kelso et al., 1986) or decreasing attention (e.g.,
Temprado, Zanone, Monno, & Laurent, 2001). As such, stability of antiphase
coordination seems more prone to changes in coupling parameters.
Rowing in in-phase coordination was less variable than antiphase
coordination and coordinative breakdowns only occurred in antiphase
coordination (see also Cuijpers et al., 2015; De Brouwer et al., 2013). This finding
is in line with predictions from coupled oscillator models (e.g., Haken et al. 1985).
However, there may be an additional explanation, namely that, next to the higher

98

intrinsic stability of the in-phase pattern, the higher variability in the antiphase
pattern is related to extensive practice that these experienced rowers have had
rowing in in-phase (and not in antiphase). In traditional crew rowing, rowers only
row in in-phase coordination. In other words, as for all participants this was the
very first time that they rowed in the antiphase pattern, it might be that the higher
variability in this pattern can be partly explained by the fact that they tried a new
coordinative pattern (see e.g., Freedland & Berthental, 1994; Schöner, Zanone, &
Kelso, 1992; Zanone & Kelso, 1992). Nonetheless, we chose to test experienced
rowers to make sure that the variability in their interpersonal coordination was
not obscured by a large variability in their individual movements as can be
expected when working with beginners.
The stabilising effect of the increase in coupling strength through
mechanical coupling was not reflected in the occurrence of coordinative
breakdowns from anti- to in-phase. Although seven antiphase breakdowns were
observed without mechanical coupling and four with mechanical coupling, this
difference was not statistically significant. Given that fewer breakdowns occurred
in the mechanically coupled condition, this may also be a matter of statistical
power. To conclude whether mechanical coupling indeed results in fewer
breakdowns, also in other forms and tasks of mechanically coupled interpersonal
coordination the effects of mechanical coupling need to be investigated further.
The effect of mechanical coupling is of course dependent on the specific
configuration of the physical connection. In the current study, the mechanical
coupling through the boat affects the movement in forward and backward
direction, which can influence coordinative performance differently than in
another direction (for experimental demonstrations with coupled
metronomes/clocks, see the review by Kapitaniak et al., 2012). As such, it is likely
that Marmelat and Delignières (2012) did not find a statistical difference in
coordinative stability as a function of mechanical coupling because their
participants were coupled in a different plane (frontal) than the sagittal plane in
which the pendulums moved. Another interesting endeavor in this regard may be
to experimentally manipulate the (passive oscillatory) characteristics of the
mechanical coupling source, for instance by adding springs or dampers to the
coupling base (see, e.g., Ramirez, Aihare, Fey, & Nijmeijer, 2014). This may offer a
useful way to systematically manipulate coupling strength. In the case of the
ergometer setup, if damping would be maximised, the ergometer system would
not be able to move with respect to the ground so that the forces that rowers
apply on to the ergometer system are not passed on to the other rowers anymore.
In sum, mechanical coupling provides an interesting means to experimentally
manipulate coupling in a very controlled way, perhaps more precisely than
perceptual forms of coupling, which are for instance more dependent on attention
and instructions.
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Movement Frequency

The HKB-model predicts that an increase in movement frequency results
in a decrease in coordinative stability (Haken et al., 1985; Schmidt & Richardson,
2008). However, some studies have shown that below a certain (low) frequency,
coordinative stability decreases as well (e.g., Schmidt et al., 1998). This would
imply an optimum in movement frequency at which coordination is most stable.
We previously suggested that this might also be the case for crew rowing (Cuijpers
et al., 2015; 2017). The latter (on-water) study showed that coordinative
variability of in-phase on-water rowing for the catch (SDϕcatch) decreased over
stroke rates 18-26 spm and levelled over 26-34 spm. In line with this, the current
results indeed show that coordinative variability was higher at 20 spm than 30
spm. In rowing, rowers increase the power per stroke with stroke rate (Hofmijster,
Landman, Smith, & Van Soest (2007). The larger force exchange between the
rowers that takes place at 30 spm in comparison to 20 spm, may increase the
degree to which the rowers influence each other. This influence is not only purely
mechanical, but also haptical/kineastetic, as Hill (2002) suggested that the
increase in force production provides a better kinaesthetic perception that
facilitates the mutual adaption of force patterns. As such, coordinative stability
may be higher at 30 than 20 spm due to the higher interaction forces.
As stability of crew coordination was lower (given the observed higher
steady state coordinative variability) at 20 spm than at 30 spm, based on empirical
grounds one could expect more coordinative breakdowns at the lower stroke rate.
In line with predictions of the HKB-model, our results revealed coordinative
breakdowns in (only) antiphase coordination, yet the occurrence of these
breakdowns was not affected by movement frequency; six antiphase breakdowns
were observed at 20 spm and five at 30 spm. This questions whether the observed
coordinative breakdowns were a consequence of a loss of coordinative stability.
More likely, they may have been following a perturbation such as a temporary loss
of attention (see also Cuijpers et al., 2015), as the pairs were often able to restore
coordination within the next cycle and then continued to row in the intended
pattern.
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Conclusions

In this study, we investigated the effect of mechanical coupling on the
stability of interpersonal coordination for different patterns and at different
movement frequencies in a crew rowing task. In summary, the mechanical
coupling stabilised coordination, even more so for the intrinsically less stable anticompared to in-phase pattern. This suggests that antiphase coordination may be
more prone to changes in coupling parameters than in-phase coordination.
Counter to predictions from coupled oscillator models, but in line with previous
studies on crew rowing, coordinative variability was higher at the lower stroke
rate. This may be related to higher interaction forces at 30 spm than at 20 spm.
Next, although coordinative breakdowns only occurred in antiphase rowing (as
can be expected based on coupled oscillator models), the occurrence of
coordinative breakdowns did not follow the lower coordinative variability when
mechanically coupled, nor at the higher stroke rate: no effect of coupling nor
tempo was found. This suggests that these coordinative breakdowns are not
necessarily due to a decrease in coordinative stability, but may rather be caused
by a perturbation, such as a temporary loss of attention.
Together, the results provide a first insight to the stabilising effects of mechanical
coupling on interpersonal coordination. We showed that mechanical coupling
provides an interesting means to experimentally manipulate coupling, for instance
through implementing different configurations of the coupling source. As many
interpersonal tasks involve mechanical coupling and, given that mechanical
coupling can be manipulated in a specific and systematic way, this seems a
direction worth investigating further.
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Supplementary materials
Table 1. Participant characteristics.
Age
Height Weight Experience Training load
Gender
Categorya
Pair Position
(years)
(h/w)
(years)
(cm)
(kg)
1
Stroke
F
24
HW
180
70
2
4
1
Bow
F
23
HW
184
71
4
2
2
Stroke
M
17
JM
180
64
3
7
2
Bow
M
17
JM
193
75
3
7
3
Stroke
M
20
HM
185
86
1
12
3
Bow
M
20
HM
200
98
1
12
4
Stroke
F
25
HW
179
69
5
3
4
Bow
F
25
HW
187
73
6
6
5
Stroke
M
22
HM
194
81
2
6
5
Bow
M
22
HM
183
89
2
10
6
Stroke
F
24
HW
179
73
3
5
6
Bow
F
22
HW
177
76
5
2
7
Stroke
M
21
LM
188
72
2
15
7
Bow
M
20
LM
183
73
3
15
8
Stroke
M
22
LM
182
67
3
12
8
Bow
M
22
LM
179
68
7
20
9
Stroke
M
25
LM
191
80
3
10
9
Bow
M
28
LM
182
76
3
2
10
Stroke
M
26
LM
182
69
16
2
10
Bow
M
24
LM
184
71
6
4
11
Stroke
M
24
HM
194
92
3
4
11
Bow
M
23
HM
196
83
3
4
12
Stroke
F
20
HW
178
68
2
10
12
Bow
F
21
HW
173
76
2
10
13
Stroke
M
21
HM
195
91
3
18
13
Bow
M
20
HM
198
102
2
18
14
Stroke
M
20
HM
197
96
5
10
14
Bow
M
21
HM
198
89
5
10
15
Stroke
F
16
JW
179
78
2
12
15
Bow
F
17
JW
175
65
2
12
16
Stroke
F
23
HW
172
81
5
12
16
Bow
F
20
HW
180
78
2
12
b J = junior (<18 years), H = open weight class, L = lightweight class, M = male, F = female.
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Table 2. Means and standard errors of coordinative measures based on the handle for different
conditions.
Pattern
In-phase
Antiphase
Stroke Rate
20 spm
30 spm
20 spm
30 spm
Dependent Measure Couplinga mean SE
mean SE
mean SE
mean SE
20.60 0.15 30.40
mean stroke rate NM
(spm)
M
20.97 0.18 30.22
SD DRP catch (°)
NM
10.21 1.07 9.36
M
4.44 0.43 3.57
SD DRP finish (°)
NM
9.98 1.12 9.28
M
3.61 0.41 3.36
a M = mechanical coupling, NM = no mechanical coupling.

0.13
0.24
0.75
0.35
0.69
0.27

21.13
21.02
27.76
12.86
27.31
15.51

0.24
0.31
3.25
1.93
3.44
2.05

30.15
29.76
22.35
9.51
21.81
12.09

0.16
0.22
3.75
2.88
3.33
3.16
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Antiphase crew rowing on water:
a first case study

Chapter 6

Laura S. Cuijpers, & Harjo J. de Poel (2017). Antiphase crew rowing on
water: a first case study In: Complex Systems in Sport, International Congress:
Linking Theory and Practice. Torrents, C., Passos, P., Cos, F., editors. Frontiers
Media SA, 33-35.

Introduction
In crew rowing, agents need to mutually coordinate their movements to
achieve optimal performance (De Poel, De Brouwer, & Cuijpers, 2016).
Traditionally, rowers aim to achieve perfect synchronous (in-phase) coordination.
Somewhat counterintuitively, however, crew rowing in an antiphase pattern (i.e.,
alternating strokes) would actually be mechanically more efficient: it diminishes
the within-cycle surge velocity fluctuations of the boat, thereby reducing
hydrodynamic drag and hence power losses with 5-6% (Brearly, DeMestre,
Watson, 1998; De Poel et al., 2016; De Brouwer, De Poel, & Hofmijster, 2013;
Cuijpers, Zaal, & De Poel, 2015, Greidanus, Delfos, & Westerweel, 2016). However,
from coordination dynamics an antiphase pattern is expected to be less stable,
especially at high stroke rates such as in racing, which may even lead to transitions
to the more stable in-phase pattern (Haken, Kelso, & Bunz, 1985). Recent
laboratory studies in which rower dyads performed antiphase crew coordination
on two mechanically coupled ergometers have provided promising results (De
Brouwer et al., 2013; De Poel et al., 2016; Cuijpers et al., 2015;). However, counter
to ergometer rowing, rowing on-water also requires handling of the oars and boat
movements in three dimensions, such as lateral balance and forward speed.
Furthermore, the boat has actual forward speed. Therefore, the next step in this
endeavour is to examine antiphase crew rowing and associated boat movements
on water. Here we report results of the first test case.

Method
Two experienced male rowers (age 32 and 34 years; length 1.93 and 1.94
m; mass 91.8 and 91.3 kg; rowing experience 11 and 7 years, of which 4 years in
the same crew) rowed four trials of 1000 m rowing in in-phase and antiphase crew
coordination at 20 and 30 strokes per minute (spm). The rowers were instructed
to maintain a steady state over the length of the course and started rowing
approximately 100 m before the start of the trail to achieve their steady state.
Next, they were instructed to maintain a similar power output (i.e., by maintaining
the same heart rate) per stroke rate condition. For all trials a quad (i.e., a fourperson boat) was used; to provide sufficient space for the oars not to collide in the
antiphase condition, the two middle seats were left empty. Oar angles and
movements of the boat were collected at 200 Hz using a customized measurement
system including waterproof and a three-axial accelerometer-gyroscope sensor
(see Cuijpers, Passos, Murgia, Hoogerheide, Lemmink, & De Poel, 2017). The 1000
m times were clocked with a stopwatch. For each of the four trials, the absolute
error and variability of relative phase were calculated as coordinative measures.
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Variability of surge and heave (accelerometers), and roll and pitch (gyroscopes)
were adopted as measures of boat movements.

Results
As expected, larger values of absolute error and variability of relative
phase were found for antiphase than in-phase (Figure 1). Nevertheless, the
antiphase pattern seemed sufficiently stable to perform on-water, even more so
at 30 spm. In fact, at the higher stroke rate of 30 spm antiphase coordinative
variability decreased to a level that barely differed from that of in-phase.
Crew coordination

14

14

12

12

10

10

SD Φ (°)

16

AEΦ (°)

16

8

8

6

6

4

4

2

2

0

20

Stroke Rate (spm)

30

In-phase
Antiphase

0

20

Stroke Rate (spm)

30

Figure 1. Absolute error (left panel) and variability (right panel) of crew
coordination in in-phase and antiphase at 20 and 30 spm.
Surge (reflecting fluctuations in boat velocity) was much lower in
antiphase compared to in-phase (Figure 2A), especially at the higher stroke rate
of 30 spm. Next to that, Figure 2B-D show that also heave, roll and pitch of the
boat reduced for the antiphase compared to the in-phase trials, especially at 30
spm.
Still, the 1000 m times were faster for the regular in-phase than for the
‘new’ antiphase rowing pattern (4:27 m vs. 4:38 m for 20 spm; 3:56 m vs. 4:10 m
for 30 spm, respectively). Note however that the rowers never performed this
antiphase rowing pattern before.
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Figure 2. Movements of the boat in terms of (A) surge, (B) heave, (C) roll and (D)
pitch in- and antiphase at 20 and 30 spm.

Conclusions
Together, the results of this case study verify the drastic reduction of surge
speed fluctuations of the shell for antiphase compared to in-phase crew rowing.
Moreover, heave, pitch, and roll also reduced, which may even imply extra
benefits of antiphase rowing in terms of drag and balance (Wing & Woodburn,
1995). Importantly, next to in the lab (Cuijpers et al., 2015) also on water the
between-agent antiphase pattern appeared sufficiently stable to maintain high
movement rate. This is quite promising, given that this was only the very first time
these experienced rowers rowed in antiphase. As is obvious, there is room for
optimization of the antiphase coordination performance, which likely enhances
the currently observed boat speed (as measured by the 1000 m times). As such it
seems worthwhile to further investigate (the optimization of) the potential
benefits of antiphase rowing.
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Exploring the potential benefits
of antiphase crew rowing on
water

Chapter 7

Laura S. Cuijpers, Frank T.J.M. Zaal, Alexander Hoogerheide, Koen A.P.M.
Lemmink, & Harjo J. de Poel (submitted). Exploring the potential benefits of
antiphase crew rowing on water.

Abstract
Rowing crews synchronise strokes to achieve optimal performance.
Curiously, antiphase synchrony (i.e., alternating strokes) may reduce velocity
fluctuations of the boat, which would theoretically imply reduced hydrodynamic
drag and, hence, potentially faster race times. We experimentally compared inphase to antiphase rowing in terms of crew coordination and effects on boat
kinematics and race time. Nine pairs of experienced rowers rowed four 1000 m
trials in in-phase and antiphase at 20 and 30 strokes per minute. Despite that it
was their first attempt, most crews performed the unconventional antiphase
pattern stably. Antiphase rowing indeed reduced boat velocity fluctuations,
especially at higher pace, but did not yield higher speed. Nevertheless, antiphase
rowing may be further improved through practice and optimisation of boat
design. Together, these results provide quite promising future implications
regarding antiphase rowing. More generally, this illustrates how
complementarity, rather than mere synchrony, may be more beneficial for group
performance.
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Introduction
In crew rowing, rowers need to coordinate their movements as one team
to optimise performance. It is therefore that crew rowing is often quoted as the
prime, natural example of group dynamics, interpersonal coordination and joint
action (e.g., De Poel, De Brouwer, & Cuijpers, 2016). Although traditionally the
rowers of a crew strive to row in perfect in-phase synchronisation, it has been
suggested that rowing in antiphase (i.e., alternating strokes) may reduce
hydrodynamic drag and potentially yield faster racing times (e.g., Brearly,
DeMestre, & Watson, 1998; Cuijpers, Zaal, & De Poel, 2015; De Brouwer, De Poel,
& Hofmijster, 2013; Greidanus, Delfos, & Westerweel, 2016). Though
controversial and subject to debate (e.g., Western Mail, 1929; The Argus, 1929;
Northern Star, 1929; Nolte, 2007), empirical backup testing antiphase crew rowing
on-water rowing is however lacking. After a series of lab studies (Cuijpers et al.,
2015; Cuijpers, Den Hartigh, Zaal, & De Poel, 2019; de Brouwer et al., 2013), we
now set out to test the potential benefits of antiphase rowing in an experiment
on the water.

The rowing cycle

The rowing cycle consists of two phases. The drive phase starts with the
rowers placing their blades in the water (which is called the catch), after which the
rowers propel the boat forward through the water by putting pressure on their
blades. At the end of the drive, the rowers release their blades out of the water
(the so-called ‘finish’) and return to their initial catching position during the
recovery phase. As a result, the boat is only propelled forward during part of the
rowing cycle. In addition, the rowers move their relatively heavy center of mass
back and forth across the length of the relatively light boat, which decelerates the
boat as they push off against the boat, and accelerates the boat when they return
to the catch (Hill & Fahrig, 2009). Thus, the discontinuous propulsion together
with the movements of the rowers with respect to the boat make that the velocity
of the boat fluctuates within each rowing cycle (Hill & Fahrig, 2009).
As the power to overcome the resistance of the water is related to the
velocity of the boat to the third power (i.e., in order to row twice as fast, the
rowers need to produce eight times more power; e.g., Hofmijster, Landman,
Smidt, & Van Soest, 2007), it would be most efficient to maintain a constant boat
velocity throughout the rowing cycle (Brearly et al., 1998; Cuijpers et al., 2015; De
Brouwer et al., 2013; Greidanus et al., 2016; Hofmijster 2007; Hill 2009). As shown
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by the sliding rigger invention10, decreased velocity fluctuations of the boat indeed
had a large effect on race times, as was successfully proved during the skiff events
(i.e., single rower) of the 1981-1983 Rowing World Championships, after which
the sliding rigger was banned from competition in 1983 due to its high costs that
would be an unfair disadvantage for the less privileged (Angst, 1982).
Interestingly, crews may be able to minimise surge velocity fluctuations
without such technological advancements. Both in science and in practice, the
general idea is that if crew members perfectly synchronise their movements,
detrimental movements of the boat such as surge velocity fluctuations can be
minimised (O’Brien, 2011; Wing & Woodburn, 1995). This would then result in an
optimised conversion of the power that rowers produce into forward speed (e.g.,
Baudouin & Hawkins, 2002; Brearly et al., 1998; Hill & Fahrig, 2009; Martin &
Bernfield, 1980). However, recent research demonstrated that enhanced crew
coordination actually came with larger surge velocity fluctuations (Cuijpers,
Passos, Hoogerheide, Murgia, Lemmink, & De Poel, 2017). This may, perhaps
somewhat counterintuitively, suggest that deviations from perfect synchrony may
actually reduce velocity fluctuations of the boat and, hence, hydrodynamic drag.

Potential benefits of antiphase rowing

In theory, by rowing in an antiphase pattern a crew may be able to
minimise velocity fluctuations of the boat and thereby reduce the associated
power losses with 5-6% (Brearley et al., 1998; Hill & Fahrig, 2009; Hofmijster et al.,
2007). The boat is propelled more continuously through the water, as the rowers
alternate their propulsive phases with each other. If the crew members would be
able to perfectly align their drive with the recovery of their crew member and vice
versa, propulsive force would actually be applied continuously on the water.
Furthermore, they would also move their bodies towards and away from each
other, nulling their combined centre of mass displacement. It has been estimated
that the reduction in power losses may lead to a gain of a boat length for an eight
on a 2000 m race (Brearly et al., 1998), which would be a substantial advantage
given that races at World Cup level are often decided by differences within
hundreds of a second (O’Brien, 2011).
Interestingly, there are several records of trying such alternative (i.e.,
other than in-phase) crew rowing patterns on-water. For instance, in 1929 the
English tried rowing alternating four subgroups of two rowers, inspired by the

The sliding rigger invention involved that the light rigger (incl. footboard) moves across the length
of the boat while keeping the seat (and thus the relatively heavy CoM of the rower) fixated on the
boat (Angst, 1982).

10
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quarter-cycle difference of four-pistol engines11. Although there are newspaper
articles that report that the attempts in England were successful (see e.g., Dodd,
2006; The Daily News, 1929) there is no formal data reported to support that.
Notably, a recent study that tested miniature robots rowing at a 45° pattern in a
pool12 showed that velocity fluctuations indeed decreased, but mean boat velocity
as well, so that the 45° pattern did not go faster than the in-phase pattern
(Boucher, Labbé, Clanet, 2017). One of the reasons why rowing 45, 60, or 90° out
of phase (e.g., Cairns Post, 1932; MacMillan, 2000) may not yield positive results
may be that such phase relations are intrinsically unstable (Haken, Kelso, & Bunz,
1985). Indeed, empirical studies showed that coordination patterns other than inand antiphase are not stable without training, let alone between persons (Wilson,
Collins, & Bingham, 2005; Kostrubiec, Zanone, Fuchs, & Kelso, 2012; Schöner &
Kelso, 1988; Zanone & Kelso, 1992). We tested this in a pilot study, in which rowers
tried to row with a quarter cycle difference (i.e., 90°) at separate ergometers, and
observed that coordination already broke down at 24 spm, while antiphase rowing
was easily maintained (De Poel et al., 2016). Therefore, in our subsequent
experiments, we considered antiphase crew rowing, i.e. rowing in the intrinsically
stable 180° pattern (De Poel et al., 2016; Haken, et al., 1985; Schmidt &
Richardson, 2008). Although the Russians supposedly tried rowing in antiphase in
the late 1970’s, and German try-outs have been reported (Von Opel, 1963; Munk,
2002), the potential benefits of antiphase rowing have not been experimentally
tested, let alone verified on the water.
Recent lab studies (De Brouwer et al., 2013; Cuijpers et al., 2015; 2019), in
which pairs of rowers rowed in in- and antiphase patterns on coupled ergometers
on slides (allowing them to move with respect to the ground), demonstrated that
the movements of the ergometer system (mimicking the velocity fluctuations of
the boat on water) were much smaller when rowing in antiphase as compared to
in-phase coordination. Moreover, rowers were able to produce similar power in
antiphase as in in-phase coordination (De Brouwer et al., 2013). The latter is
important, because even if rowing in antiphase would reduce power losses, it
would not be effective if it also limited power production (Cuijpers et al., 2017;
Hofmijster et al., 2007). Together, the lab results suggest that rowing in antiphase
coordination might indeed have the potential to improve race times compared to
rowing in in-phase coordination.
Although the above-described results provide a positive indication for
antiphase rowing, the results obtained from the more controlled laboratory
Footage of the so-called “Jazz-rowing” is available at:
https://www.youtube.com/watch?v=zQ6fxsmo3V8.
12 Footage of that experiment can be found here:
https://physicstoday.scitation.org/doi/10.1063/PT.3.3606
11
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situation cannot be directly generalised to the water without reservations,
because on water various other aspects come into play. For instance, in the lab
setup the rowers and the ergometer system remained at more or less the same
position in space (see, e.g., the videos in the supplementary material of Cuijpers
et al., 2015; 2019), while on the water, evidently, the boat has actual forward
speed. Moreover, in a boat on the water, rowers also have to maintain their lateral
balance, while an ergometer system cannot move in lateral direction.
Furthermore, on water the rowers need to account for environmental factors such
as water and wind that may perturb coordination, e.g., when a blade hits a wave.
Also, on the ergometers, the rowers pull a lightweight handle that is attached to
an individual flywheel, while on the water, the pressure on the blades depends on
the velocity of the boat, as the oars are connected to the boat via the riggers. As
the movements of the boat depend on the forces that the rowers apply onto the
blades, this means that the rowers would need to apply a constant force over their
drive phases and perfectly alternate their drive- and recovery phase to cancel out
velocity fluctuations. Hence, if on water the antiphase rowing indeed results in
less velocity fluctuations of the boat, the distribution of force that the rowers
apply over the drive may change as well. Such issues may have implications for
the coordination of the individual rowing movement and thus also for the
coordination of the crew. Therefore, in the current experiment we test rowing
crew coordination in both in- and antiphase on the water.

Crew coordination

While from a biomechanical perspective rowing in antiphase may be more
efficient, it has been argued from a coordination dynamics perspective that
rowing in antiphase may be more challenging than in in-phase coordination (De
Poel et al., 2016; Nolte, 2007). This argument arrives from the many studies of
cyclic interpersonal coordination tasks, such as moving handheld pendulums or
rocking chairs in a coordinated fashion, which demonstrated that the stability of
antiphase coordination is lower than that of in-phase coordination (e.g.,
Richardson, Marsh, Isenhower, Goodman, & Schmidt, 2007; Schmidt, Bienvenu,
Fitzpatrick, & Amazeen, 1998; Schmidt & Richardson, 2008). Next to that, these
studies demonstrated that when movement frequency increases, the stability of
coordination decreases, even more so for antiphase coordination. At a critical
frequency, antiphase coordination became unstable and a transition to the
remaining stable in-phase coordination pattern took place (e.g., Schmidt, Carello,
& Turvey, 1990). As in crew rowing stroke rates can reach up to 46 strokes per
minute (spm) in on-water racing, antiphase coordination needs to remain
sufficiently stable at high movement rates in order to be successful in competition.
In fact, in the laboratory rowing pairs proved able to maintain rowing in antiphase
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fashion for stroke rates up to 36 spm (de Brouwer et al., 2013; Cuijpers et al., 2015)
and some pairs even up to 42 spm (Cuijpers et al., 2015). Nonetheless, in line with
theoretically motivated expectations (Haken, Kelso, & Bunz, 1985) and previous
studies on interpersonal coordination (Schmidt & Richardson, 2008), coordinative
breakdowns (i.e., rowers falling out of their instructed pattern) only occurred
when rowing in an antiphase pattern (De Brouwer et al., 2013; Cuijpers et al.,
2015; 2019). In a similar vein, antiphase crew coordination was found to be
significantly more variable than in-phase coordination (Cuijpers et al., 2019; De
Brouwer et al., 2013). Interestingly, for both in- and antiphase, crew coordination
was poorer at 20 than at 30 spm (Cuijpers et al., 2019), which does not correspond
to findings in other coordination dynamics studies (e.g., Schmidt et al., 1990). Also,
the occurrence of antiphase breakdowns did not seem to be related to movement
tempo (De Brouwer et al., 2013; Cuijpers et al., 2015; 2019). More so, the
reduction of ergometer movements compared to in-phase rowing was even more
pronounced for higher stroke rates (Cuijpers et al., 2015). Together, this already
suggests that at higher (racing) stroke rates rowing in antiphase may even be less
difficult to maintain and more drag-reducing than at lower rates. In sum, while
predictions from coordination dynamics suggest that rowing in antiphase may be
challenging, especially at high movement rates, lab results suggest that antiphase
crew coordination is not as difficult as it might intuitively seem and that it may
actually be easier and more beneficial when performed at higher (racing) rates.

Aim

The results from previous lab studies provide a positive indication for
antiphase crew coordination: on coupled ergometers, rowers are able to row in
antiphase coordination, also at the higher (racing) stroke rates (Cuijpers et al.,
2015; 2019). In addition, the displacement of the coupled ergometer system,
reflecting velocity fluctuations in de laboratory set up, was less when the rowers
rowed in antiphase compared to in-phase coordination (Cuijpers et al., 2015; De
Brouwer et al., 2013). The next step is to take the antiphase rowing from the lab
to the water. Are rowers also able to row in antiphase in (changing conditions of)
water and wind, when they have to propel a boat forward through the water,
while many other things (e.g., pressure on the blades) also alter compared to the
normal in-phase rowing? Here we take an initial step that aims to verify whether
the kinematic differences observed in the lab between in- and antiphase rowing
also hold on the water. Does rowing in antiphase indeed minimise surge velocity
fluctuations in a boat that is moving through the water and does this result in
faster racing times?
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Method
Participants

Eighteen rowers, paired in nine crews, participated in the experiment (8
women, 10 men; age 23 ± 5 years; body height 1.83 ± 0.09 m; body mass 75 ± 11
kg; rowing experience 6 ± 4 years). Participants provided written informed
consent. The local Ethics Committee approved the study that was conducted
according to the principles expressed in the Declaration of Helsinki.
Methodologically speaking, it would be cleanest to compare in- and antiphase
rowing in crews that have the same amount of experience in in- as in antiphase.
However, rowing on the water, especially in a double scull (a two-person boat in
which each rower is handling two oars), requires skill that can only be acquired
through prolonged practice, which currently is only done in in-phase crew
coordination. Therefore, in the current experiments only rowers who rowed
competitively for at least one year on national level (implying at least one year of
practicing rowing 7-8 times a week) and who had experience in sculling (handling
two oars) could partake in our experiment. As rower’s generally only row in inphase coordination, this means that the rowers in our experiment had extensive
practice rowing in in-phase, but never rowed in antiphase before. For more
detailed information on the different pairs, see Table 1 in Supplementary
Materials.

Experimental setup

Trials were performed in a quad (i.e., four-persons rowing boat, in which
each rower is handling two oars; see Supplementary Materials Table 2 for rigging
and specifications of boat and oars), leaving the two middle seats empty to allow
for sufficient space for the oars not to collide. The horizontal angles of the oars,
reflecting the stroke movements of both rowers, were measured using
potentiometers (Bourns, 6639 Precision Potentiometer, 200 Hz). Movements of
the boat in terms of linear accelerations and angular velocities were sampled with
a three-axial accelerometer-gyroscope sensor (MPU-6050, InvenSense Inc., 200
Hz), and longitude and latitude of the boat was registered using a GPS sensor
(PmodGPS, Digilent Inc., sampling rate: 1 Hz). These sensors were placed in a
waterproof housing secured to the boat behind the bow rower (i.e., in direction
to the bow of the boat). The outputs of these different sensors were sampled on
a microcontroller (MyRio-1900, National Instruments) and written onto a SD-card
within the waterproof housing. The 1000 m trials were timed using a stopwatch
(Fasttime 14). Heartrate of both rowers was measured using a heartrate monitor
(Polar M400, 1 Hz).
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Protocol

To warm up, each crew started rowing towards the start of the race course
(about 15-20 min warming up at 18-22 spm). Half of this warming up was used to
practice antiphase rowing. The crews performed four 1000 m trials, two in inphase and two in antiphase. Each pattern was performed both at 20 spm (as is
common in endurance training) and at 30 spm (comparable to racing rates). To
minimise influences of current and wind, trials were always performed on the
same part of the course and in the same direction. This meant that the crews
rowed back for 1000 m to the start of the course after each trial, during which
they prepared for the next trial by rowing in the same pattern as the following trial
would be. At the start and at the end of the trial there was a break of 30 s in which
rowers had to keep their oars perpendicular to the boat, with the blades resting
on the water. This was done to (re-)determine initial values of the accelerometer
and gyroscope sensor and the oar angles. The 1000 m trials were performed with
a running start, so that the boat was up to speed when crossing the starting line.
Rowers were instructed to maintain a comparable intensity in both the in- and
antiphase patterns and received feedback about their heartrate on a heartrate
monitor. The stroke rower (i.e., the rower crossing the finish last) received realtime feedback about stroke rate on an on-board computer with a small display
(Speed Coach GPS-II, Nielsen Kellerman, US).

Data analysis

Kinematic time series were analysed using customised procedures in
Matlab (MathWorks, USA). The time series were corrected for initial position of
the sensors using the average sensor values as obtained in the first 30 s rest bin
(see above). The time series were interpolated using a piecewise spline and were
low-pass filtered using a bi-directional second order Butterworth filter with a cutoff frequency of 4 Hz for the oar angle time series, 20 Hz for the accelerometer
time series and 15 Hz for the gyroscope time series (e.g., Cuijpers et al., 2017;
Sabatini, Martelloni, Scapellato, & Cavallo, 2005). After this, the sensor values in
mV were converted into oar angles (°), linear accelerations (m/s2) and angular
velocities (°/s). For further analysis, for all crews, steady state bins of 60 cycles
were determined for each 1000 m trial (see below).
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Crew coordination
The spatio-temporal relation between starboard and port of each
individual rower (reflecting intrapersonal coordination) and between the rowers’
oar angles for both starboard and port (reflecting interpersonal coordination)
around catch and finish was expressed by the discrete relative phase13. The
discrete measure of relative phase based on point-estimates of oar angle extrema
near the catch and finish of the stroke was calculated for each full cycle as:

𝜙𝜙CD/ (𝑡𝑡) = 8

8:,< 58=,<

:,<>= 58:,<

360°

(Eq. 7.1)

in which t1,j and t2,j indicate the time of the jth peak of the oar angle of starboard
and port or rower 1 and 2. The instances of catch and finish were determined as
the minimum (catch) and maximum (finish) excursions of the signal using a custom
made peak-picking algorithm.

Dependent measures

For all trials, deviations from steady state (coordinative breakdowns),
defined as a deviation of relative phase value ≥ 180° of the instructed pattern for
at least one complete movement cycle, were counted (see Cuijpers et al., 2019).
Next, for the steady state trials (in which no coordinative breakdown occurred),
the time series were analysed over steady state bins (60 cycles) for each condition.
For each trial, mean absolute error (AE) with respect to the instructed pattern (0°
for in- and 180° for the antiphase pattern) and standard deviations (SD) of discrete
relative phase (AEϕcatch and SDϕcatch and AEϕfinish and SDϕfinish, for catch and finish,
respectively) were calculated as measures of coordinative performance. As the
drive and recover differ in duration (Cuijpers et al., 2017; Hill, 2002), especially at
lower stroke rates, which is likely to influence movements of the boat, the driverecover ratio (ratio) is reported. Movements of the boat14 are reported in terms
of fluctuations (expressed in standard deviations) of surge and heave (based on
the accelerometer timeseries) and pitch and roll (based on the gyroscope
timeseries), as represented by SDsurge, SDheave, SDpitch and SDroll (see also
Cuijpers et al., 2017). Finally, race times and average heartrate (to control for
As the rowing cycle deviates from perfect harmonicity, especially at lower stroke rates, we
determined accuracy and variability of crew coordination based on the discrete measure of relative
phase that is not sensitive to within-cycle harmonicities (Cuijpers et al., 2015; 2019).
14 As rowers both rowers handle two oars in sculling, they can correct for yawing individually (i.e.,
they do not need to coordinate their movements together to make the boat run straight). Next, boat
movements in terms of sway are unlikely to occur (if any, due to wind or current, rather than affected
by crew coordination). Therefore, we choose to report surge, heave, roll and pitch, as these are boat
movements that can be influenced by crew coordination.
13
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differences in effort between in- and antiphase) for each rower are reported for
each condition.

Statistical analysis

Each of the above-mentioned steady state dependent measures was
subjected to a 2 Pattern (in- and antiphase coordination) x 2 Tempo (20 and 30
spm) repeated measures ANOVA. An α of 0.05 was adopted for all tests of
significance. If necessary, interaction effects were further scrutinised via
Bonferroni-corrected post-hoc paired-samples t-tests.

Results
Coordination breakdowns

Although performing an antiphase pattern for the first time, all nine pairs
were able to row at least one antiphase trial without coordinative breakdowns.
Five pairs were able to row in all trials without a single coordinative breakdown,
while two other pairs only showed a coordinative breakdown once (one pair while
rowing at 20 spm and the other pair while rowing at 30 spm). Breakdowns in crew
coordination only occurred in antiphase. Finally, in two pairs, antiphase
coordination repetitively broke down, three and four times in one 1000 m trial,
respectively, while rowing at 30 spm. The subsequent results on boat movements,
race time and crew coordination are based on the five pairs15 that did not show
any coordinative breakdowns. An example of the obtained kinematic time series
for the different experimental conditions is shown in Figure 1.

As including only 5 pairs in the RM Anova limits statistical power, we also tested the effects of
Pattern based on 8 pairs that managed to row in in- and antiphase at 20 spm without showing
coordinative breakdowns, which showed statistical results. The effects of Pattern based on 8 pairs
at 20 spm were: SDϕcatch (F(1,7) = 31.05, p < .01, ηp2 = .82), SDϕfinish (F(1,7) = 29.56, p < .01, ηp2 = .81),
AEϕfinish (F(1,7) = 7.85, p < .05, ηp2 = .56), ratio (F(1,7) = 2.35, p = .17, ηp2 = .25), SDsurge (F(1,7) =
68.350, p < .001, ηp2 = .91), SDheave (F(1,7) = 0.06, p = .81, ηp2 = .01), SDpitch (F(1,7) = 0.61, p = .46,
ηp2 = .08) and SDroll (F(1,7) = 1.69, p = .24, ηp2 = .20). As in the latter analysis only the results at 20
spm are included, the effects of Tempo could not be tested.
15
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Boat movements

Velocity fluctuations in terms of SDsurge are shown in Fig. 2A. SDsurge
was significantly affected by Pattern, confirming that rowing in antiphase reduced
within-cycle velocity fluctuations compared to in-phase crew rowing (F(1,4) =
25.98, p = .001, ηp2 = .96). SDsurge significantly increased with Tempo (F(1,4) =
103.97, p = .001, ηp2 = .96). The reduction in surge velocity fluctuations when
rowing in antiphase was even more pronounced at the higher stroke rate, as
indicated by an interaction effect of Pattern × Tempo (F(1,4) = 112.87, p < .001,
ηp2 = .97). Post-hoc tests showed significant differences between antiphase
coordination at 20 and 30 spm (p < .05), in-phase coordination at 20 and 30 spm
(p < 0.001), in- and antiphase coordination at 20 spm (p < .05) and in- and
antiphase coordination at 30 spm (p < .001). As can be seen in Fig. 1, the example
of the obtained kinematic time series clearly showed less surge velocity
fluctuations when rowing in antiphase compared to in-phase coordination,
especially at 30 spm. As here we focus on the effects of crew coordination on surge
velocity fluctuations, the effects on heave, pitch and roll16 are given in footnote 3
(for mean values and standard errors, see Supplementary Materials Table 3.

Race time

All pairs were able to perform the two instructed stroke rates and rowed
at similar heart rates for in- and antiphase (as instructed), indicating that rowers
produced a similar amount of effort in both the in- and antiphase conditions (see
Supplementary Materials Table 3. for mean values and standard errors). Figure 1B
shows faster racing times while rowing in in-phase with respect to antiphase
coordination, which is supported by an effect of Pattern (F(1,4) = 16.38, p < .05,
ηp2 = .80). Unsurprisingly, racing times were faster at 30 compared to 20 spm as
supported by an effect of Tempo (F(1,4) = 77.46, p = .001, ηp2 = .95).

SDheave and SDpitch were higher at 30 than at 20 spm. The significant of Tempo was F(1,4) =
68.64, p = .001, ηp2 = .95 for SDheave and F(1,4) = 10.03, p < .05, ηp2 = .72 for SDpitch. SDheave and
SDpitch were not significantly affected by Pattern. SDroll was not significantly affected by Pattern
nor Tempo.
16
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Boat behaviour
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Figure 2. Velocity fluctuations (A) and race times (B) for in- and antiphase at 20
and 30 spm. Error bars represent standard errors.

Crew coordination

The variability of coordination17 was compared over the different
conditions and included in the results below. Fig. 2 shows an example of the
obtained time series, showing the oar angles of the rowers coinciding (hence
overlapping) in in-phase and alternating in antiphase coordination. In Fig. 3 the
variability of relative phase at the catch (SDϕcatch; panel A) and finish (SDϕfinish;
panel B) are displayed (see Table 3 for means and standard errors). The figure
clearly shows that for both coordinative measures, crew coordination was less
variable for the in-phase pattern and the higher stroke rate. Indeed, SDϕcatch and
SDϕfinish were significantly affected by both Pattern and Tempo, indicating more
variable coordination for the antiphase pattern and the lower stroke rate (see Fig.
2A and B). For SDϕcatch the effect of Pattern was F(1,4) = 21.06, p = .01, ηp2 = .84
and the effect of Tempo was F(1,4) = 14.12, p < .05, ηp2 = .78. For SDϕfinish the
effect of Pattern was F(1,4) = 21.82, p = .01, ηp2 = .85 and the effect of Tempo was
F(1,4) = 13.34, p < .05, ηp2 = .77. Crew coordination variability at the finish
(SDϕfinish) additionally showed a significant interaction effect of Pattern × Tempo
(F(1,4) = 8.36, p < .05, ηp2 = .68) indicating a significant decrease in coordinative
variability from 20 to 30 spm for the antiphase pattern (p < .05). Post hoc tests
showed significant differences between antiphase coordination at 20 and 30 spm
Variability and accuracy of crew coordination was calculated for both starboard and port, yielding
similar results, except for AEϕfinish (the effect of Pattern was only present for port and not for
starboard). For conciseness, only the results based on port are presented.
17
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(p < .05), in- and antiphase coordination at 20 spm (p < .05) and in- and antiphase
coordination at 30 spm (p < .05), but not for in-phase coordination at 20 and 30
spm (p = 0.108). For SDϕcatch, the interaction effect of Pattern × Tempo was just
above the significance threshold (F(1,4) = 7.29, p = .054, ηp2 = .65).
The accuracy of crew coordination was calculated as the absolute error
with respect to the intended pattern (e.g., the deviation from 0° in Fig. 1). Fig. 4A
and B suggest that antiphase coordination was performed less accurately than inphase coordination (see Table 3. for means and standard errors), though only for
AEϕfinish (fig. 4B) on the port side a significant effect of Pattern was present (F(1,4)
= 11.05, p < .05, ηp2 = .73).
The drive-recovery ratio (Fig. 5) increased with stroke rate (F(1,4) = 54.30,
p < .01, ηp2 = .93), indicating that drive and recovery became more equal in
duration at 30 spm (reflected in a value closer to 1; see Supplementary Materials
Table 3. for means and standards errors; see also the moments of catch and finish
in Fig. 1 that are more evenly distributed at 30 spman than at 20 spm). Further, an
interaction effect of Pattern × Tempo (F(1,4) = 11.41, p < .05, ηp2 = .74) indicated
that in-phase drive-recovery ratio was significantly lower than antiphase at 20
spm. Post hoc tests showed significant differences between antiphase
coordination at 20 and 30 spm (p < .01), in-phase coordination at 20 and 30 spm
(p < .01) and in- and antiphase coordination at 20 spm (p < .05), but not for in- and
antiphase coordination at 30 spm (p = 0.314).
Variability of crew coordination
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Figure 3. Variability of crew coordination around the catch (A) and finish (B) for inand antiphase at 20 and 30 spm. Error bars represent standard errors.
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Accuracy of crew coordination
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Figure 4. Accuracy of crew coordination around the catch (A) and finish (B) for inand antiphase at 20 and 30 spm. Error bars represent standard errors.
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Discussion
The aim of this study was to test whether rowers were able to row in an
antiphase pattern on the water. Next, we aimed to verify whether antiphase
rowing on water indeed minimised surge velocity fluctuations and whether this
would yield a higher boat speed. We tested nine pairs rowing four 1000 m trials in
a four-person rowing boat that was modified for two rowers, while they rowed in
in-phase and antiphase crew coordination at 20 and 30 spm.

Crew coordination

The rowers in the present study had never rowed in antiphase before. Still,
already at these first attempts they managed quite well to row in this pattern.
Coordinative breakdowns only occurred occasionally and only in antiphase. In
other words, we repeated the promising results obtained in previous experiments
in the lab (De Brouwer et al., 2013; Cuijpers et al., 2015; 2019), now on water.
Seven out of the nine pairs were able to perform all trials, with only two incidental
breakdowns from the antiphase rowing pattern. During these two incidental
breakdowns, the pairs were able to immediately restore crew coordination within
the next rowing cycle, and continued rowing in antiphase for the rest of their trial.
In two other pairs, antiphase coordination broke down repetitively within their 30
spm trial, while at 20 spm no breakdowns occurred. Crew coordination was less
variable for the in-phase compared to the antiphase pattern. Especially antiphase
coordinative variability was lower at 30 compared to 20 spm, which suggest that
antiphase rowing may be performed more consistently at higher racing stroke
rates than at lower (endurance) training stroke rates. The fact that the two pairs
that broke down in coordination repetitively seemed to have more trouble rowing
at 30 spm than at 20 spm does not fit well with the variability observed in pairs
that did not show coordinative breakdowns. As for these two pairs the
breakdowns occurred at the stroke rate at which antiphase performance was least
variable, and given that two other pairs were able to restore crew coordination
within the next cycle, this supports the idea that antiphase breakdowns were not
related to a frequency-related loss of stability, but likely occurred due to a
temporary perturbation or a loss of attention (Cuijpers et al., 2015). Indeed,
various studies show that the degree of attention affects the stability of
interpersonal coordination (e.g., Richardson et al., 2007; Temprado & Laurent,
2004).
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Surge velocity fluctuations and race time

We verified that antiphase rowing indeed reduces within-cycle velocity
fluctuations, which theoretically reduces power losses due to drag in comparison
to in-phase rowing (Brearly et al., 1998; Hill & Fahrig, 2009; Hofmijster et al.,
2007). Theoretically, the reduction in surge velocity fluctuations is optimised
when the rowers move in antiphase relation (i.e., nulling their combined centre of
mass displacement with respect to the boat). However, as the recover lasts longer
than the drive phase, especially at lower stroke rates (Hill, 2002), it may be
challenging to attune the drive to the recovery phase of a crew member and vice
versa if both phases differ in duration, especially at 20 spm, which is also
supported by the findings that crew coordination was less variable and more
accurate for both in- and antiphase at 30 compared to 20 spm. Indeed, the
reduced surge velocity fluctuations for antiphase were especially pronounced at
30 spm, which further supports that on-water antiphase rowing becomes more
beneficial when rowing at higher (racing) stroke rates (Cuijpers & De Poel, 2017).
The difference in drive and recover duration is less of an issue for in-phase crew
coordination as here the rowers match their drive (and recovery) phases with one
and other. Indeed, drive-recover ratio was closer to 1 (indicating that the drive
(i.e., the propulsive) phase and recover phase are exactly equal in duration) in
antiphase compared to in-phase crew coordination at 20 spm, which suggests that
rowers compensate for the mismatch between drive and recovery duration by
shortening the recovery-phase with respect to the drive phase at 20 spm.
Although rowing in antiphase resulted in a reduction in surge velocity
fluctuations, rowing in antiphase did not (yet?) result in faster racing times
compared to in-phase coordination. Nevertheless, one of the pairs (of which the
rowers both rowed at World Cup level) managed to row only 4 s slower in anticompared to in-phase at 30 spm. This is a very small difference, given that this is
the very first time for them to row in antiphase.

Future directions

In the current experiment, rowers were able to row in antiphase
coordination even though it was their very first time. As the results obtained here
provide a positive indication, it would be interesting to study whether rowers can
improve crew coordination by practicing the antiphase pattern and to which
degree. For instance, will rowers be able to perform the antiphase pattern so
accurately that drive and recovery perfectly align, which theoretically would
optimise the reduction of velocity fluctuations? Practicing antiphase crew
coordination may not only improve the quality of antiphase crew coordination,
but may benefit in-phase crew coordination as well, as practicing movements in
different movement patterns may improve motor performance in general (e.g.,
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Frank, Michelbrink, Beckmann, & Schöllhorn, 2008). Apart from the question to
which degree rowers that are experienced rowing in in-phase may improve and
benefit from practicing antiphase rowing, another interesting additional step
could be to split a group of novel rowers into two groups and teach one group to
row in in- and the other group to row in antiphase coordination. In that way, the
comparison between in- and antiphase coordination would not be corroborated
by the extensive experience the rowers have rowing in in-phase coordination.
When rowing in in-phase, the boat is at a relatively low velocity when the
rowers start the drive phase and the rowers accelerate the boat to a high velocity
throughout the drive (Hill & Fahrig, 2009). In antiphase, however, the velocity of
the boat remains more constant throughout the cycle, as verified by our results.
This means that (relative to in-phase rowing) the boat is at a higher velocity in the
beginning of the drive phase and at a lower velocity at the end of the drive phase.
Indeed, some of the rowers informally indicated after their experimental trials
that while rowing in antiphase they experienced a relatively (i.e., in comparison to
in-phase rowing) lower pressure on the blades at the start of the drive and
relatively higher pressure on the blades at the end of the drive phase. Together,
this suggests that rowing in antiphase is not just a matter of changing the timing
or phasing of the drive and recovery phase with respect to the other rower(s), but
also changes the coordination (e.g., in terms of force application) of the individual
rowing movement itself, which has also been found in other coordination
dynamics tasks (e.g., Nordham, Tognoli, Fuchs, & Kelso, 2018). The latter also
suggests that rowing technique may need to be optimised for antiphase rowing,
e.g., by reducing surge velocity fluctuations even further by improving
coordinative accuracy.
In a similar vein, the design and rigging (i.e., the ‘settings’ of the boat such
as oar length) may need to be optimised to account for the changes in boat
velocity and distribution of power throughout the rowing cycle when rowing in
antiphase. A next logical step therefore would be to further investigate the effect
of rowing in antiphase on the force profiles of the rowers measuring power
production with force measurements on the blade and footboard, although
measuring power on the water remains a challenge (see Lintmeijer, Hofmijster,
Schulte Fischedick, Zijlstra, & Van Soest (2018); Hofmijster, Lintmeijer, Beek, &
Van Soest, 2018). More insight into the biomechanics of antiphase rowing, such
as into the difference in hydrodynamics around the blades and the change in air
resistance in comparison to in-phase rowing may attribute to find out if rowing in
antiphase can truly faster than rowing in in-phase (or not).
Ultimately, if one was to build a special boat, an eight would probably be
the preferred boat class to test the antiphase rowing competitively. To be able to
row in antiphase, rowers need more space between their seats for the oars not to
collide. In the current experiment, we used a four-person boat for a double two
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crew (i.e., two persons handling two oars each) to provide this space. Of course,
the boat we used is optimised for a crew of four rowers and is rather heavy (52
instead of 27 kg) to be moved by only two rowers. In the case of an eight, the crew
would be divided into two groups of four rowing in antiphase with each other. This
would mean that one would only need 70 cm extra to provide enough space for
the oars not to collide (see also De Brouwer et al., 2013). In an eight, each rower
handles one oar ‘saves’ an extra seat of space between the two subgroups. Since
nowadays, boats can be built under minimum weight (and then precisely brought
to minimum weight using lead strips), adding 70 cm to a 1990 cm boat can
probably be achieved at minimum weight.
Although it may seem counterintuitive at first, rowing in antiphase in fact
falls within the boundaries of the regulations of the International Rowing
Federation (FISA). Rowing in antiphase is a change of technique, not an innovation
in equipment. The slightly longer boat to provide space for the oars is not in
contradiction to the regulations that require a minimum and not a maximum boat
length, stating that “The minimum overall length of a racing boat shall be 7.20
metres.” (FISA Rulebook 2018, p. 60). For now, it seems allowed to row
competitively in antiphase, but whether this will remain the case, or whether the
technique will be banned like the sliding rigger in the 1980’s, only time will tell.

Conclusions

This study provides promising results for antiphase rowing on-water: most
pairs were able to row in antiphase on the water, even though it was the very first
time they performed it. Rowing in antiphase indeed reduced velocity fluctuations
of the boat in comparison to in-phase rowing and this reduction was even more
pronounced at 30 spm, which implies that antiphase rowing may indeed be
mechanically more efficient, especially at high racing pace. In the present
experiment, rowing in antiphase did not result in faster racing times.
Nevertheless, given the potency to improve antiphase rowing through practice
and optimisation of the design and rigging of the boat, these results provide a
promising first indication of the benefits of antiphase rowing on water. More
broadly, while crew rowing is often quoted as the archetypical example of
synchronicity in team work, the results illustrate how complementarity, rather
than perfect synchrony, may potentially be more beneficial for group
performance.
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Supplementary materials
Table 1. Participant characteristics.
Pair
Position Gender Age
(years)

Categorya

Height
(m)

1
Stroke
M
21
HM
1.97
1
Bow
M
23
HM
1.98
2
Stroke
M
21
LM
1.86
2
Bow
M
24
LM
1.83
3
Stroke
F
20
LW
1.73
3
Bow
F
20
LW
1.70
4
Stroke
M
23
LM
1.78
4
Bow
M
21
LM
1.78
5
Stroke
F
20
HW
1.8
5
Bow
F
24
HW
1.72
6
Stroke
M
27
LM
1.85
6
Bow
M
26
LM
1.91
7
Stroke
F
37
HW
1.81
7
Bow
F
35
HW
1.74
8
Stroke
M
22
HM
1.95
8
Bow
M
21
HM
1.98
9
Stroke
F
18
HW
1.76
9
Bow
F
18
HW
1.80
b H = open weight class, L = lightweight class, M = male, F = female.

Weight
(kg)
84.8
85.9
78.3
69.9
64.5
57.6
70.7
75.6
75.2
84.4
70.7
79.3
73.0
60.8
90.9
100.1
70.9
70.9

Rowing
experience
(years)
6
5
9
8
1
2
2
3
2
6
18
4
13
10
3
3
5
6

Table 2. Rigging and specifications of the boat and oars.
Boat
Name:
Gyasterix (2002)
Type:
Hudson C4.31 Classic 4-/X
Weight1:
44.0 kg
Weight range rowers:
75-88 kg
Oars
Type:
Croker S4
Rigging
Span:
1.60 m
Oar Length:
2.88 m
Inboard:
0.88 m
Oar Angle:
+4°
1 As used in the experiment, i.e., including the measurement system and two riggers.
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Table 3. Means and standard errors of coordinative, boat, and heart rate measures for different
conditions.
Pattern
In-phase
Antiphase
Stroke Rate
20 spm
30 spm
20 spm
30 spm
Dependent Measure
mean
SE
mean
SE
mean
SE
mean
SE
SD DRP catch BB (°)
3.41
SD DRP finish BB (°)
4.81
SD DRP catch SB (°)
3.45
SD DRP finish SB (°)
4.28
AE DRP catch BB (°)
6.79
AE DRP finish BB (°)
6.48
AE DRP catch SB (°)
5.31
AE DRP finish SB (°)
9.69
ratio
0.69
stroke rate (spm)
19.97
SD surge (m/s2)
1.58
2
SD heave (m/s )
0.43
SD pitch (°/s)
0.36
SD roll (°/s)
3.30
time (s)
263.00
mean HF stroke (bpm)a 161.28
mean HF bow (bpm)b
171.67
a based on 4 pairs; b based on 3 pairs.

0.67
0.87
0.78
0.60
2.29
0.69
2.09
1.63
0.03
0.26
0.11
0.03
0.02
0.16
8.09
7.46
7.39

2.61
3.01
2.70
3.49
6.55
7.27
5.31
9.79
0.98
28.44
2.46
0.60
0.46
3.59
235.00
178.61
181.78

0.20
0.40
0.23
0.27
1.91
1.95
1.53
2.86
0.02
0.26
0.15
0.02
0.04
0.34
8.14
1.83
6.80

7.73
10.89
7.37
11.64
10.65
11.03
8.60
11.77
0.74
20.66
1.28
0.42
0.37
3.13
276.80
152.38
162.02

0.86
1.15
0.89
0.75
1.63
1.48
1.64
1.14
0.02
0.13
0.08
0.02
0.05
0.22
7.43
4.97
11.28

4.84
6.55
4.99
6.94
9.01
13.30
10.12
12.61
0.95
28.40
1.77
0.61
0.61
3.49
247.60
175.40
178.59

0.52
0.92
0.61
0.76
1.42
2.32
2.06
1.87
0.04
0.09
0.14
0.02
0.12
0.34
9.55
2.60
8.54
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Epilogue

Chapter 8

Epilogue
Crew rowing is a naturalistic task in which it is functional to synchronise,
and which is often quoted as the archetypical example of interpersonal
coordination and synchronisation processes (e.g., Keller, 2008; Marsh,
Richardson, & Schmidt, 2009; Richardson, Marsh, Isenhower, Goodman, &
Schmidt, 2007). In the preceding chapters of this dissertation, we used crew
rowing as a model task and considered a rowing crew as a system of coupled
oscillators to gain a deeper understanding of interpersonal coordination
dynamics. The first step was to test crew rowing in the more controlled laboratory
situation, using coupled ergometers on slides to mimic the boat on the water.
Next, we verified the obtained results in the naturalistic environment on the
water, showing that coupled oscillator principles apply to a real-life task outside
the laboratory situation. We verified coupled oscillator principles, such as effects
of movement frequency, differential pattern stability, breakdowns in coordination
and (mechanical) coupling, showing that crew rowing is more than a mere
metaphorical example of interpersonal coordination. In return, by considering
crew rowing from a coordination dynamics perspective, the obtained results
provide insights for crew rowing, both for the traditional in-phase as the more
experimental antiphase crew rowing.

Main experimental findings

Before discussing the results of this dissertation more in-depth, a brief
overview of the main experimental findings and how these findings fuelled new
research questions is given. We started this research project on the water,
addressing the general hypothesis held both in science and in practice, namely
that if rowers perfectly synchronise their movements in in-phase crew
coordination, detrimental boat movements can be minimised, which would result
in an optimised conversion of the power that rowers produce into boat speed
(Chapter 3). As movement frequency (or stroke rate) was expected to affect both
the stability of coordination and movements of the boat, we tested the relation
between crew coordination variability and movements of the boat at different
stroke rates, varying from 18-34 spm (strokes per minute). The results indicated
that variability of crew coordination is indeed related to surge velocity fluctuations
of the boat for coordination around the catch, but counter to the direction that
was expected. That is, less variable crew coordination actually involved more
surge velocity fluctuations. In line with expectations, less variable crew
coordination was related to less roll, which is indicative of better lateral balance
of the boat. The results showed that more stable crew coordination indeed is
related to improved lateral balance but also suggested that deviating from perfect
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in-phase synchronisation may contribute to less velocity fluctuations of the boat
and hence, less hydrodynamic drag.
In the subsequent studies (Chapters 4-7), we therefore also tested antiphase crew
coordination, which is less conventional for rowing but a well-studied pattern in
coordination dynamics. As most coordination dynamics studies generally show
that the stability of coordination decreases with an increase in movement
frequency (e.g., Kelso, 1984; Schmidt, Carello, & Turvey, 1990), which in the case
of antiphase coordination may yield transitions to in-phase coordination, we
tested whether rowers would be able to row in in- and antiphase crew
coordination at increasing stroke rates, starting at 30 spm and increasing
movement frequency until they could not increase stroke rate any further
(Chapter 4). We did so in the lab, using an experimental setup of coupled
ergometers to reflect the movements of the boat with respect to the water and
to mimic the physical connection between rowers via the boat that they share.
The results showed rowers were well able to row in antiphase coordination, even
at high stroke rates and the less displacement of the ergometer system suggested
that the antiphase coordination pattern indeed reduces velocity fluctuations of
the boat, compared to in-phase crew coordination.
As clearly shown in the supplementary material video’s in Chapter 5, the
ergometer system moves back and forth while rowing in in-phase coordination
and remains at more or less the same position in space when rowing in antiphase
coordination. The observation that if antiphase coordination breaks down, the
ergometer system starts oscillating at larger amplitudes (see ‘Coordinative
breakdown.mp4’) led us to question whether the mechanical coupling through
the boat (or ergometer system) that the rowers share may perhaps explain the
occurrence of coordinative breakdowns as observed in Chapter 4. Therefore, in
Chapter 5 we tested crews rowing in in- and antiphase at 20 and 30 spm on
ergometers with and without mechanical coupling. Although the results showed
no significant difference between the with and without mechanical coupling
conditions in the occurrence of coordinative breakdowns, the stabilising effect of
mechanical coupling was clearly reflected in the lower variability of both in- and
antiphase crew coordination in the mechanical compared to the no mechanical
coupling condition.
Given the promising results obtained in the lab that showed that rowers
are able to row in antiphase, even at high stroke rates as in racing, and given that
rowing in antiphase involves less movements of the ergometer system, we set out
to test the antiphase rowing on the water. After a promising first case study in
Chapter 6 in which the crew was able to perform four 1000 m trials in in- and
antiphase at 20 and 30 spm without breakdowns in coordination, we repeated the
experiment with more pairs in Chapter 7. Again, even though it was the very first
time these rowers performed the antiphase pattern, they were well able to row
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in antiphase: all pairs rowed at least one antiphase trial without breaking down
coordination. Rowing in antiphase crew coordination indeed reduced velocity
fluctuations of the boat, but did not result in faster racing times in comparison to
rowing in in-phase crew coordination.

Implications for coordination dynamics

The above-described overview discusses the main experimental findings
of the experiments in this research project. In these experiments, we tested
predictions based on coupled oscillator models, more specifically, the particularly
relevant HKB-model (Haken, Kelso, & Bunz, 1985). In the next paragraphs, the
results obtained in this dissertation are discussed more specifically in relation to
and in terms of implications for coordination dynamics.
Movement frequency
A general held hypothesis is that the stability of both in- and antiphase
coordination decreases with an increase in movement frequency (e.g., Kelso,
1984; Schmidt et al., 1990). Remarkably, the results of our studies did not align
with this hypothesis, showing higher coordinative variability at 20 compared to 30
spm, for both in- and antiphase crew coordination (Chapter 3, 5-7). Although we
initially thought that this effect might have been due to the mechanical coupling
between the rowers (see Chapter 5), we found that regardless of whether the
rowers were mechanically coupled or not, both patterns were more stable at the
higher compared to the lower movement frequency.
At first glance, our finding that coordinative variability was higher at the lower
rather than the higher movement frequency may seem contradictory to
predictions from the HKB-model. However, they are not. Note that the model
predicts that the attractor strength of in-phase (reflected by a and b in Equation
1.1) and antiphase (reflected by b in Equation 1.1) decreases with coupling
strength between the oscillators. To account for the observations in Kelso (1984),
Haken et al. (1985) proposed that the attractor strength of both in- and antiphase
decreases with movement frequency, with antiphase stability decreasing faster
E

than in-phase stability. Hence,
reflects the change in differential pattern
F
stability (i.e., the difference in stability between in- and antiphase). The proposed
assumption was well supported by experimental studies for both intra- and
interpersonal coordination (e.g., Schmidt et al., 1990), albeit for a limited range of
movement frequencies. Hence, the observations that coordinative stability
decreases with an increase in movement frequency does not necessarily
extrapolate to movement frequencies beyond that experimentally tested
frequency range. Indeed, an interpersonal pendulum swinging experiment, in
which participants had to synchronise the swinging of their pendula at a range of
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.6 to 2 Hz showed that coordinative variability increased above, but also below 1
Hz (Schmidt, Bienvenu, Fitzpatrick, & Amazeen, 1998; for bimanual coordination
see also Monno, Temprado, Zanone, & Laurent, 2002). This suggests that at lower
movement frequencies, coupling strength (and, hence, attractor strengths) may
actually increase with an increase in movement frequency. Although this
hypothesis needs to be tested further, the experimental findings observed in this
dissertation (considering movement frequencies between .3 - .6 Hz, i.e., 18-36
spm) provide an initial support to investigate the evolvement of attractor strength
over movement frequency over a broader frequency range further and in other
tasks.
Interestingly, the movement frequency in the study of Schmidt et al.
(1998) at which coordination was most stable was close to the eigenfrequencies
(the natural oscillation frequency) of the pendula that the participants were
swinging. This suggests that coordinative stability may be related to the
eigenfrequency of the components that constitute the system, even if that
component is not an agent/passive (e.g., Treffner & Turvey, 1996; Schmidt &
Richardson, 2008). The system of a rowing crew consists of relatively high inertia
components in comparison to other coordination dynamics tasks and not only
includes two agents, but also a boat with its own inertial characteristics. Possibly,
characteristics such as the rigging settings of the boat (i.e., the length of the oars
may be adjusted to change the lever of the oars) may influence coordinative
stability like the eigenfrequencies of the pendula in Schmidt et al. (1998). In the
laboratory set up, a higher resistance of the flywheels implies that rowers may
need more time to move through the drive phase given a fixed power output.
Alternatively, they can maintain the same drive duration by increasing power
output to overcome the higher resistance of the ergometer flywheels (or the oars
on water). Moreover, although rowers are able to move at a range of movement
frequencies, research of Sparrow, Hughes, Russell, and Le Rossignol (1999)
suggested that rowers may possess an individual preferred stroke rate for a given
power output. Rowers can produce that given output also at stroke rates above
and below their preferred stroke rate, but this leads to an increase in metabolic
cost. As such, crew rowing may provide an interesting experimental task to study
the effects of component characteristics in relation to coordinative stability, as the
task allows manipulations of the characteristics of the boat/ergometer system
(e.g., through rigger and flywheel settings), but also by manipulating power output
(e.g., constraining compensatory strategies by fixating power output).
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Differential pattern stability
An empirically established prediction of the HKB-model is the intrinsically
higher stability of in-phase compared to antiphase coordination (Haken et al.,
1985). Indeed, we found that breakdowns in crew coordination, reflecting a loss
of stability in the system, only occurred in the antiphase pattern (Chapters 4, 5
and 7). As previously discussed in these chapters, the intrinsically higher stability
of the in-phase pattern may also be attributed to the extensive experience of the
rowers rowing in in-phase (and not in antiphase).
E

The HKB-model holds that with a decrease in
(Equation 1.1), the
F
difference between the in- and antiphase attractor strengths increases. Thus, as
the attractor strength of in-phase coordination is affected by both a and b, while
the attractor strength of antiphase coordination is only affected by b, this implies
that the stability of the antiphase pattern decreases faster than the in-phase
pattern (Haken et al., 1985; Fuchs & Jirsa, 2008). Experimentally, this is reflected
in the decrease in both in- and antiphase coordination with an increase in
movement frequency, until in-phase is the only remaining stable pattern (hence,
the observed transitions from anti- to in-phase at a critical movement frequency;
e.g., Kelso, 1984; Schmidt et al., 1990). This suggests that an increase in coupling
strength (increasing attractor strengths) relates to a decrease in differential
pattern stability. Simply put: as in- and antiphase become more stable, the
difference in stability between the two patterns decreases (Haken et al., 1985). As
discussed in the previous paragraph on movement frequency, we found a higher
variability of in- and antiphase crew coordination at the lower compared to the
higher movement frequencies, which suggests that coupling strength increases
with movement frequency for the range of frequencies (.33 vs. .5 Hz,
corresponding to 20 vs. 30 spm) that we tested in Chapters 4 - 7. In line, we found
that the differential pattern stability was larger at the lower compared to the
higher movement frequency, supporting the prediction that differential pattern
stability decrease with coupling strength, as in crew rowing. Hence, our findings
confirm that natural, functional synchronisation tasks like crew rowing abide by
coupled oscillators dynamics.
Breakdowns in coordination
A typical feature of the system’s loss of stability in the HKB-model is the
occurrence of transitions, which in most coordination dynamics studies happened
at a critical frequency at which the antiphase pattern became unstable, causing
the system to transition to the remaining stable in-phase pattern (e.g., Kelso,
1984; Schmidt et al., 1990). In order for such a clean change from one coordination
pattern to the next to occur (and not to return back to the previous pattern), it is
critical that the participants are instructed to “not resist if they would feel they
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would slip into another pattern” (e.g., see Kelso, 1984, 1995; Schmidt et al., 1990;
Lee, Blandin, & Proteau, 1996). In the experimental studies (Chapters 4-7) that
also considered the antiphase pattern, we specifically instructed participants to
return to the instructed pattern if they were slipping out of the instructed pattern.
This may explain why the ‘transitions’ that occurred in the present study resulted
in a temporary change of the antiphase pattern, after which the rowers tried (and
were often able) to restore their antiphase coordination. We quantified these
short deviations from the instructed pattern as coordinative breakdowns.
The breakdowns in coordination did not seem related to a movement
frequency-induced loss of stability (Chapters 4, 5, and 7). Rather, the occurrence
of coordinative breakdowns seemed to be following perturbations, such as hitting
a wave with the blade or a temporary loss of attention. Regarding the latter,
various studies have shown that the degree of attention devoted to the
movements of the other agent affects the stability of coordination for both interand intrapersonal coordination (e.g., Richardson et al., 2007; Temprado &
Laurent, 2004). Although the coupling may remain relatively stable for a certain
task or situation (e.g., the movements of the rower in front remain visible over the
course of a race), the degree to which agents attend to the perceptual coupling
may change, e.g., depending on other attentional demands, such as steering the
boat in the crew rowing task. Note that the mechanical coupling seems a more
stringent form of coupling, in that the rowers are moved by the force exchange,
regardless of whether they attend to the mechanical coupling or not (Chapter 5).
This makes crew rowing an interesting task to study the effects of attention on
coordinative stability, also to verify whether the breakdowns in coordination
observed in this dissertation indeed result from perturbations such as temporary
loss of attention. Given the intrinsically lower stability of the pattern, antiphase
coordination remains more prone to such perturbations, which is indeed
supported by the observation that coordinative breakdowns only occurred in
antiphase crew coordination.
Interpersonal coupling
Instigated by the observation that the ergometer system starts oscillating
at larger amplitude once the crew breaks down from antiphase coordination
(Chapter 4), we tested the effect of mechanical coupling on the occurrence of
coordinative breakdowns and the stability of crew coordination. Given the
prediction from coupled oscillator models that an increase in coupling strength
stabilises coordination (e.g., Fuchs & Jirsa, 2008), we expected that the stringent
nature of mechanical coupling (i.e., agents are passively moved by the other
agent(s) in the system) in addition to the perceptual coupling (such as seeing the
movements of the stroke rower and hearing the sounds of the ergometer
flywheels) may strengthen the coupling between the rowers in comparison to
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perceptual coupling alone. As such, we hypothesised that the additional
mechanical coupling possibly stabilises crew coordination to such a degree that
breakdowns in coordination (following a decrease in stability) are prevented.
Although the occurrence of coordinative breakdowns was not statistically affected
by whether the rowers were mechanically connected or not18, the results clearly
showed the stabilizing effect of mechanical coupling on in- and especially on
antiphase crew coordination (Chapter 5). The latter suggests that mechanical
coupling may have a larger stabilising effect on antiphase than on in-phase
coordination, which may be so as antiphase is intrinsically less stable than inphase (simply put: there may be a larger potency to enhance stability of a pattern
when it is less stable). Thus, the mechanical coupling through the boat that the
rowers share may contribute to the observed decrease in differential pattern
stability as well.
As mentioned in Chapter 5, the effect of the mechanical coupling is
dependent on the mechanical configuration of the task (see Kapitaniak,
Czolczynski, Perlikowski, Stefanski, & Kapitaniak, 2012). Given that many
interpersonal coordination tasks, such as moving furniture together, dance, and
martial arts (e.g., see Lanini, Duburcq, Razavi, Le Goff, IJspeert, 2017; Sofianidis,
Elliott, Wing, & Hatzitaki, 2014) involve mechanical coupling, while not many
interpersonal coordination dynamics studies considered the effects of mechanical
coupling on coordinative performance (for notable exceptions, see Harrison &
Richardson, 2009 and Marmelat & Delignières, 2012), the current dissertation
provides a first step in gaining insight into the effects of mechanical coupling,
showing a stabilising effect on coordination for this particular task and mechanical
configuration. Next to further investigating the effects of mechanical coupling in
other interpersonal tasks, the ergometer setup in our experiments provide more
possibilities to further explore effects of mechanical configurations within the
rowing task, for instance using servo-motors that may act as dampers affecting
the force-exchange between the rowers (see De Brouwer, De Poel, & Hofmijster,
2013). To illustrate, ergometers that are fixated to the ground can be considered
to have ‘maximum’ damping, allowing no force exchange between the
ergometers. As such, changing the degree to which the ergometers can move with
respect to the ground may provide more detailed insight into the effects of
mechanical coupling on interpersonal coordination dynamics (similar to what is
already shown in mechanically coupled non-biological systems, see Kapitaniak et
al., 2012 for a review).

Seven antiphase breakdowns without mechanical coupling and four with mechanical coupling
were observed in Chapter 5. Although this difference was not statistically significant, this may also
have been a matter of statistical power.

18
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Implications for crew rowing
The above-described aspects illustrate the expediency of crew rowing as
a model task to provide a deeper understanding of interpersonal coordination
dynamics. Next to insights relevant for coordination dynamics, the obtained
results in this dissertation also provide insights for crew rowing, both for the
traditional in-phase as the more experimental antiphase crew rowing. Considering
the rowing crew as one coordinative system, we tested crew performance in the
more controlled laboratory setting and verified the obtained results in the natural
setting in which crew rowing takes place: on the water.
In-phase crew rowing
Both in science and in practice (e.g., O’Brien, 2011; Wing & Woodburn,
1995), the general idea is that if rowers move perfectly in sync, they can minimise
detrimental movements of the boat, such as heave, roll, pitch and, most
importantly, surge velocity fluctuations. Minimising these boat movements would
result in an optimised conversion of the power that the rowers produce into
forward speed and, evidently, faster racing times. In Chapter 3 we aimed to
address this hypothesis directly, measuring 15 pairs rowing at various stroke rates
on the water in a double scull. We found that the consistency of crew coordination
was lower for 18-26 spm compared to 26-30 spm. Inspired by coordination
dynamics, we quantified the degree of crew synchronisation in terms of relative
phase, taking cycle duration into account, whereas most crew rowing studies
consider crew synchronisation in units of absolute time (e.g., Hill, 2002). Although
the decrease in difference between the rowers around the catch and finish in
terms of absolute timing indeed suggested that rowers became more accurate
with an increase in stroke rate, measures in terms of relative phase showed that
coordinative accuracy increase with stroke rate for the catch, but actually
decreased for the finish. This endorses the importance of taking cycle duration
into account when compared over different stroke rates.
Further, the findings on coordinative accuracy suggests that rowers
primarily use the catch as an anchor point (a specific point within the cycle at
which the control of the movement is based; e.g., Beek, 1989) to stabilise crew
coordination, especially at higher stroke rates. While both the catch and the finish
are clear distinct points in the movement cycle, it may be easier to accurately time
the catch than the finish. Hypothetically, a rower can catch at any moment as the
blades move freely above the water during the recover, while the finish is
preceded by the drive phase at which the blades are more constrained in the
water. With an increase in stroke rate, surge, heave and pitch increased, while roll
was not affected by stroke rate. Most importantly, we found that lower variability
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of crew coordination (i.e., closer to perfect synchronisation) was actually related
to more surge, heave and pitch, while pitch (reflecting lateral balance) was indeed
related to less variability of crew coordination. Thus, the strive to row in perfect
in-phase synchrony may benefit crew performance by enhancing lateral balance
(and potentially facilitate power production, see Chapter 3), but not necessarily
by minimising drag-increasing surge velocity fluctuations of the boat as often
assumed (see e.g., O’Brien, 2011; Wing & Woodburn, 1995).
The lower variability in in-phase crew coordination when the rowers are
rowing at mechanically coupled ergometers vs. at separate ergometers in the lab
(Chapter 5) suggests that the mechanical coupling between rowers is important
to take into account when replacing on-water crew practice with training on the
ergometer. More broadly, this finding endorses the idea that people pick up taskrelevant information from the environment (Gibson, 1979/1986). To illustrate this
point, practising crew synchronisation on ergometers that are placed next to each
other instead of behind each other may facilitate rowers to synchronise with their
opponents in the lane next to them, instead of their crew member(s) seated
behind or in front of them. Thus, the more consistent crew coordination when
rowers are rowing on mechanically coupled in comparison to separately moving
ergometers, stresses the importance of taking the (constraints of) the task
seriously in practice. A similar principle holds for selecting rowers in a crew; as
emphasised throughout this dissertation, it is not the sum of the individual rowers,
but the collective behaviour of the crew as a whole that determines crew
performance (e.g., Chapter 2). Although individual testing on ergometers may
provide insights into individual power production, it does not directly inform
about rowing efficiency on water (e.g., Hofmijster, Van Soest, & De Koning, 2008;
Lamb, 1989), let alone on the ability to row well with others in a crew. Fortunately,
in the last few years measurement systems to measure crew coordination onwater become more available (e.g., the Powerline system of Peach Innovations,
Cambridge, UK; see e.g., Sève, Nordez, Poizat, & Saury, 2011 – although measuring
power production on the water remains challenging, see e.g., Hofmijster,
Lintmeijer, Beek, & Van Soest, 2018), which may enable coaches to select and
monitor crew rowers in the natural environment on the water.
Antiphase crew coordination
In the current dissertation, we tested rowing in antiphase coordination
experimentally, both in the lab and on the water. The theoretical idea behind
rowing in antiphase is that if rowers alternate their strokes, velocity fluctuations
of the boat are minimised, which may reduce power losses due to hydrodynamics
drag with 5-6% (Brearly, DeMestre, & Watson, 1998; Greidanus, Delfos, &
Westerweel, 2016; Hill & Fahrig, 2009; Hofmijster, Landman, Smidt, & Van Soest,
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2007), which suggests that rowing in antiphase may reduce race times compared
to the traditional in-phase rowing (Brearly et al., 1998).
Rowers, who never rowed in antiphase coordination before, were able to
row in antiphase without problems, both in the lab and on the water, at various
stroke rates (Chapters 4-7). An interesting next step would be to study the
evolution of coordinative stability both in the well trained in-phase as in the new
antiphase coordination pattern, to see, e.g., whether practising the new antiphase
pattern also improves the well trained in-phase pattern, as practising movements
in different movement patterns may improve motor performance (see e.g., Frank,
Michelbrink, Beckmann, & Schöllhorn, 2008). An interesting additional endeavour
might be to train novice rowers in in- and antiphase and study the evolvement of
both coordination patterns with practice. As such, the crew rowing task may be a
suitable task to study motor learning of a new pattern and the degree of transfer
from one pattern to the next.
Both in the lab and on the water, we verified that rowing in antiphase
indeed reduces velocity fluctuations of the boat (or in the case of the laboratory
setup, movements of the ergometer system; Chapters 4-7). While surge velocity
fluctuations for in-phase rowing clearly increased with stroke rate, for antiphase
surge velocity fluctuations were lower at 30 compared to 20 spm. Although in the
experiments in the current dissertation, the reduction in velocity fluctuations
while rowing in antiphase did not result in faster racing times compared to inphase rowing, one pair (World Cup level) managed to row only 4 s slower in anticompared to in-phase coordination at 30 spm, which is a very small difference,
given that this is the very first time for them to row in antiphase (Chapter 7). Given
the promising first indications from this dissertation, it seems worthwhile to study
the potential benefits of antiphase rowing further. Possibly, antiphase rowing may
be improved through practice and optimisation of antiphase rowing technique, as
well as through the optimisation of rigging and design of the boat. More insight
into the biomechanics of antiphase rowing, such as into the difference in
hydrodynamics around the blades and the change in air resistance in comparison
to in-phase rowing may contribute to find out if rowing in antiphase can be truly
faster than rowing in in-phase (or not). Regardless of the latter, researching
antiphase rowing may also contribute to a better understanding of in-phase
rowing, both in science and in practice.
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Conclusions

The current dissertation considered crew rowing from a coordination
dynamics perspective, providing a first step in verifying and testing coupled
oscillator principles in a naturalistic task to provide a deeper understanding of
interpersonal coordination dynamics. The results indicate that predictions from
coupled oscillator models and more specifically the HKB-model apply to crew
rowing, both in the lab and on the water.
The higher observed differential pattern stability and findings that in- and
antiphase crew coordination are more variable at 20 compared to 30 spm both
suggest that in the crew rowing task and for the range of movement frequencies
that we tested, an increase in movement frequency involves enhanced attractor
strengths, while the difference between in- and antiphase stability diminishes. As
such, the results provide an initial incentive to further investigate the evolution of
attractor strength over a broader frequency range and in other tasks. The lower
variability in both in- and antiphase crew coordination with in comparison to
without mechanical coupling, are indicative of the potential stabilising effect of
mechanical coupling in other interpersonal coordination dynamics tasks and
provide an incentive to further study interpersonal tasks that involve mechanical
coupling (such as dance, martial arts and moving furniture). The finding that
coordinative breakdowns only occurred in antiphase and the suggestion that
these breakdowns were following from temporary perturbations, such as a loss of
attention instead of a frequency-induced loss of stability, needs to be investigated
further, e.g., through the use of a dual-task, for which crew rowing seems to be a
suitable task, given the possibility to study the effect on attention alongside
manipulations in coupling (e.g., in relation to the stabilising effect of mechanical
coupling). Together, this dissertation provides a first step in taking crew rowing
from a mere metaphorical example to a model task to study interpersonal
coordination dynamics processes, and its suitability for testing coupled oscillator
predictions though experimentation, both in the lab and on-water. The current
dissertation offers incentives for further research in interpersonal coordination,
more specifically on the role of attention and perturbations, manipulations of
interaction sources (mechanical coupling in particular) and preferred movement
frequencies, also in social systems larger than two agents (e.g., Zhang, Kelso, &
Tognoli, 2018), for instance crews of four or eight rowers (e.g. Hill & Fahrig, 2009;
Wing & Woodburn, 1995).
In return, the obtained results provide insights for the traditional in-phase
as the more experimental antiphase crew rowing, showing the importance of
taking cycle duration and task constraints into account when quantifying and
practicing crew synchronisation. The findings endorse the importance of
considering the crew as one coordinative system, both in science as in crew rowing
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practice. Given the promising first indications from this dissertation, it seems
worthwhile to study the potential benefits of antiphase rowing further, regardless
of whether rowing in antiphase ultimately proves to be faster or not: researching
antiphase rowing may also contribute to a better understanding of in-phase
rowing, both in science and in practice.

147

Appendices

Bibliography
Affeld, K., Schichl, & K., Ziemann, A. (1993). Assessment of rowing efficiency.
International Journal of Sports Medicine,14 (suppl 1), S39-41.
Amazeen, P.G., Schmidt, R.C., & Turvey, M.T. (1995). Frequency detuning of the
phase entrainment dynamics of visually coupled rhythmic movements. Biological
Cybernetics, 72, 511-518.
Angst, F. (1982). Biomechanische Betrachtungen zum Rollausleger-Skiff. FISA
Coach 11, 188-194.
Baudouin, A., Hawkins, D. (2002). A biomechanical review of factors affecting
rowing performance. British Journal of Sports Medicine, 36, 396-402.
Badouin, A., Hawkins, D. (2004). Investigation of biomechanical factors affecting
rowing performance. Journal of Biomechanics, 37, 969-976.
Baldissera, F., Rota, V., Esposti, R. (2008). Postural adjustments in arm and leg
muscles associated with isodirectional and antidirectional coupling of upper limb
movements in the horizontal plane. Experimental Brain Research, 190, 289-305.
Barrow, J.D. (2010). Rowing and the same-sum problem have their moments.
Journal of Physics, 78, 728-738.
Beek, P.J. (1989). Juggling dynamics. Amsterdam: Free University Press.
Bennet, M., Schatz, M.F., Rockwood, H., Wiesenfeld, K. (2002). Huygens’s clocks.
Proceedings: Mathematical, Physical and Engineering Sciences, 458(2019), 563579.
Bosga, J., Meulenbroek, R.G.J., Cuijpers, R.H. (2010). Intra- and interpersonal
movement coordination in jointly moving a rocking board. Motor Control, 14, 440459.
Boucher, J.P., Labbé, R., & Clanet, C. (2017). Row bots. Physics Today 70 (6), 82.
doi: 10.1063/PT.3.3606
Brearley, M., de Mestre, N. & Watson, D. (1998). Modelling the rowing stroke in
racing shells. The Mathematical Gazette, 82, 389-404.

150

Cairns Post (1932, November 16). Rowing innovation. Syncopated six. Retrieved
from http://trove.nla.gov.au
Caplan, N., & Gardner, T., N. (2007). A fluid dynamic investigation of the Big Blade
and Macon oar blade designs in rowing propulsion. Journal of Sports Sciences,
25(6), 643 – 650.
Colloud, F., Bahuaud, P., Doriot, N., Champely, S., Cheze, L. (2006). Fixed versus
free-floating stretcher mechanism in rowing ergometers: mechanical aspects.
Journal of Sports Sciences, 24, 479–493.
Cuijpers, L. S., Zaal, F. T.J.M., & De Poel, H. J. (2015). Rowing crew coordination
dynamics at increasing stroke rates. PloS ONE, 10(7), e0133527.
Cuijpers, L.S., Passos, P., Hoogerheide, A., Murgia, A., & De Poel, H.J. (2017).
Rocking the boat: rowing crew synchronisation and boat movements at different
stroke rates. Scandinavian Journal of Science and Medicine in Sports, 27(12), 16971704. DOI: 10.1111/sms.12800
Cuijpers, L.S. (2017). Interview with Nikolay Kormakov on June 7 in Boston,
Massachusetts, United States of America.
Laura S. Cuijpers, & Harjo J. de Poel (2017). Antiphase crew rowing on water: a
first case study In: Complex Systems in Sport, International Congress: Linking
Theory and Practice. Torrents, C., Passos, P., Cos, F., editors. Frontiers Media SA,
33-35.
Cuijpers, L.S., Den Hartigh, R.J.R., Zaal, F.T.J.M, De Poel, H.J. (2019). Rowing
together: interpersonal coordination dynamics with and without mechanical
coupling. Human Movement Sciences, 64, 38-46.
De Brouwer, A. J., De Poel, H.J., Hofmijster, M.J. (2013). Don’t rock the boat: how
antiphase crew coordination affects rowing. PLoS One, 8(1), e54996.
Den Hartigh, R.J.R., Marmelat, V., Cox, R.F.A. (2018). Multiscale coordination
between athletes: complexity matching in ergometer rowing. Human Movement
Science, 57, 434-441.

151

Demos, A. P., Chaffin, R., Begosh, K.T., Daniels, J.R., Marsh, K.L. (2012). Rocking to
the beat: effects of music and partner’s movements on spontaneous interpersonal
coordination. Journal of Experimental Psychology: General, 141(1), 49-53.
De Poel, H. J., Peper, C. E., & Beek, P. J. (2006). Intentional switches between
bimanual coordination patterns are primarily effectuated by the nondominant
hand. Motor Control, 10, 7-23.
De Poel, H. J., Peper, C. E., & Beek, P. J. (2007). Handedness-related asymmetry in
coupling strength in bimanual coordination: Furthering theory and evidence. Acta
Psychologica, 124(2), 209–237.
De Poel, H. J., Peper, C. E., & Beek, P. J. (2009). Disentangling the effects of
attentional and amplitude asymmetries on relative phase dynamics. Journal of
Experimental Psychology: Human Perception and Performance, 35(3), 762–777.
De Poel, H.J., A.J. De Brouwer, Cuijpers, L.S. (2016). Crew rowing: an archetype of
interpersonal coordination dynamics. In: Interpersonal coordination and
performance in social systems. Passos, P., Chow, J.Y., Davids, K., editors.
Routledge, 140-153.
De Poel, H.J., (2016). Anisotropy and antagonism in the coupling of two oscillators:
concepts and applications for between-person coordination. Frontiers in
Psychology. 7:1947. doi: 10.3389/fpsyg.2016.01947.
Dodd, C. (2006). Water Boiling Aft: London Rowing Club, the First 150 Years 18562006. London, The London Rowing Club.
Dumas, G., De Guzman, G.C., Tognili, E., Kelso, J.A.S. (2014). The human dynamic
clamp as a paradigm for social interaction. Proceedings of the National Academy
of Sciences of the United States of America, 111 (35): E3726-34.
Dumas, G., Lefebvre, A., Zhang, M., Tognoli, E., Kelso, J.A.S. (2018). The human
dynamic clamp: a probe for coordination across neural, behavioral, and social
scales. In: Complexity and synergetics. Müller, S. C., Plath, P. J., Radons, G., Fuchs,
A., editors. Springer International Publishing, 317-332.
Elliott, B., Lyttle, A., Birkett, O. (2002). The RowPerfect ergometer: a training aid
for on-water single scull rowing. Sports Biomechanics, 1, 123–134.

152

Feigean, M., R’Kiouak, M., Bootsma, R.J., Bourbousson, J. (2017). Effects of
intensive crew training on individual and collective characteristics of oar
movement in rowing as a coxless pair. Frontiers in Psychology, 8, 1139. doi:
10.3389/fpsyg.2017.01139
FISA Rule Book (retrieved from
http://www.worldrowing.com/mm//Document/General/General/12/68/94/FISA
rulebookEN2017finalweb4_Neutral.pdf)
Frank, T.D., Michelbrink, M., Beckmann, H., Schöllhorn, W.I. (2008). A quantitative
dynamical systems approach to differential learning: self-organization principle
and order parameter equations. Biological Cybernetics, 98, 19–31.
Freedland, R.L. & Berthental, B.I., (1994). Developmental changes in interlimb
coordination: transition to hands-and-knees crawling. Psychological Science, 5(1),
26-32.
Fuchs A., Jirsa V.K. (2008) J.A. Scott Kelso's contributions to our understanding of
coordination. In: Coordination: Neural, Behavioral and Social Dynamics. Editors:
Fuchs, A., Jirsa, V.K Heidelberg: Springer, 327–346.
Gibson, J. J. (1979/1986). The ecological approach to visual perception. Hillsdale,
New Jersey: Lawrence Erlbaum Associates Publishers.
Greidanus, A.J., Delfos, R., Westerweel, J. (2016). Drag and power-loss in rowing
due to velocity fluctuations. Procedia Engineering, 147, 317-323.
Haken, H., Kelso, J.A.S., Bunz, H. (1985). A theoretical model of phase transitions
in human hand movements. Biological Cybernetics, 51, 347-356.
Harrison, S.J., Richardson, M.J. (2009). Horsing around: spontaneous four-legged
coordination. Journal of Motor Behaviour, 41(6), 519-524.
Hill, H. (2002). Dynamics of coordination within elite rowing crews: evidence from
force pattern analysis. Journal of Sport Sciences, 20(2), 101-117.
Hill, H., & Fahrig, S. (2009). The impact of fluctuations in boat velocity during the
rowing cycle on race time. Scandinavian Journal of Medicine and Science in Sports,
19, 585-594.

153

Hofmijster, M. J., Landman, E. H. J., Smith, R. M., & Van Soest, A. J. K. (2007). Effect
of stroke rate on the distribution of net mechanical power in rowing. Journal of
Sports Sciences, 25(4), 403–411.
Hofmijster, M.J., Van Soest, A.J., De Koning, J.J. (2008). Rowing skill affects power
loss on a modified rowing ergometer. Medicine and Science in Sports and Exercise,
40, 1101–1110.
Hofmijster, H.J., Lintmeijer, L.L., Beek, P.J., & Van Soest, A.J. (2018). Mechanical
power output in rowing should not be determined from oar forces and oar
motion alone, Journal of Sports Sciences, 36(18), 2147-2153, DOI:
10.1080/02640414.2018.1439346
Holsgaard-Larsen, A., Jensen, K. (2010). Ergometer rowing with and without slides.
International Journal of Sports Medicine, 31, 870-874.
Huys, R., Kolodziej, A., Lagarde, J., Farrer, C., Darmana, R., Zanone, P.G. (2018).
Individual and dyadic rope turning as a window into social coordination. Human
Movement Science, 58, 55-68.
Ingham, A. G., Levinger, G., Graves, J., & Peckham, V. (1974). The Ringelmann
effect: Studies of group size and group performance. Journal of Experimental
Social Psychology, 10(4), 371-384.
Kapitaniak, M., Czolczynski, K., Perlikowski, P., Stefanski, A., Kapitaniak T., (2012).
Synchronization of clocks. Physics Reports, 517, 1-69.
Keller, P. (2008). Joint action in music performance. In F. Morganti, A. Carassa &
G. Riva (Eds.), Enacting intersubjectivity: A cognitive and social perspective on the
study of interactions (pp. 205–221). Amsterdam: IOS Press.
Kelso, J.A.S. (1984). Phase transitions and critical behaviour in human bimanual
coordination. American Journal of Physiology, 246(6 Pt 2), R1000-1004.
Kelso, J.A.S., Scholz, J.P., Schoner, G. (1986). Nonequilibrium phase transitions in
coordinated biological motion: critical fluctuations. Physics Letters, 118(6), 279284.

154

Kelso, J. A. S., DelColle, J. D., & Schöner, G. (1990). Action-perception as a pattern
formation process. In M. Jeannerod (Ed.), Attention and performance 13: Motor
representation and control (pp. 139–169). Hillsdale, NJ, England: Lawrence
Erlbaum Associates.
Kelso, J.A.S. (1995). Dynamic patterns. The self-organisation of brain and
behaviour. Champaign: MIT Press.
Kelso, J.A.S., Fink, P.W., DeLaplain, C.R., Carson, R.G. (2001). Haptic information
stabilises and destabilises coordination dynamics. Proceedings of the Royal Society
of London, 268, 1207-1213.
Kleshnev, V. (2001). Stroke rate vs. distance in rowing during the Sydney Olympics.
Australian Rowing, 24 (2), 18-22.
Kleshnev, V. (2016). Measurements. In: The biomechanics of rowing. The Crowood
Press.
King, A., & de Rond, M. (2011). Boat race: rhythm and the possibility of collective
performance. The British Journal of Sociology, 62(4), 565-585.
Kostrubiec, V., Zanone, P.G., Fuchs, A., Kelso, J.A.S. (2012). Beyond the blank slate:
routes to learning new coordination patterns depends on the intrinsic dynamics
of the learner - experimental evidence and theoretical model. Frontiers in Human
Neuroscience, 6(22), 1-14.
Lagarde, J. (2013). Challenges for the understanding of the dynamics of social
coordination. Frontiers in Neurorobotics, 7(18), 1-9.
Lamb, D.H. (1989). A kinematic comparison of ergometer and on-water rowing.
American Journal of Sports Medicine, 17, 367–373.
Lanini, J., Duburcq, A., Razavi, H., Le Goff, C.G., IJspeert, A.J. (2017). Interactive
locomotion: Investigation and modeling of physically-paired humans while
walking. PLoS ONE 12 (9): e0179989.
Lee, T.D., Blandin, Y., & Proteau, L. (1996). Effects of task instructions and
oscillation frequency on bimanual coordination. Psychological Research, 59, 100106.

155

Lintmeijer, L.L., Hofmijster, M.J., Schulte Fischedick, G.A., Zijlstra, P.J., & Van Soest,
A.J. (2018). Improved determination of mechanical power output in rowing:
Experimental results. Journal of Sports Sciences, 36 (18), 2138-2146, DOI:
10.1080/02640414.2017.1367821
MacMillan, R. (2000). Correspondence to the editor. The Mathematical Gazette,
84 (500), 317.
Mardia, K.V. (1972). Statistics of directional data. Academic Press London and New
York.
Marmelat, V. & Delignières, D (2012). Strong anticipation: complexity matching in
interpersonal coordination. Experimental Brain Research, 222, 137–148.
Marsh, K.L., Richardson, M.J., Schmidt, R.C. (2009). Social connection through joint
action and interpersonal coordination. Topics in Cognitive Science, 1, 320-339.
Martin, T.P., Bernfield, J.S. (1980). Effect of stroke rate on velocity of a rowing
shell. Medicine and Science in Sports and Exercise, 12, 250–256.
Martinova, E. (2001). Интуиция в жизни Мастера. Retrieved from
http://pskovregion.org
Meerhoff, L.A., De Poel, H.J. (2014). Asymmetric interpersonal coupling in a cyclic
sports-related movement task. Human Movement Science, 35, 66-79.
Meerhoff, L.A., De Poel, H.J., Button, C. (2014). How visual information influences
coordination dynamics when following the leader. Neuro Science Letters, 582, 1215.
Miles, K.M., Griffiths, J.L., Richardson, M.J., Macrae, C.N. (2010). Too late to
coordinate: contextual influences on behavioural synchrony. European Journal of
Social Psychology, 40, 52-60.
Millar, S.K., Oldham, A.R.H., Renshaw, I. (2013). Interpersonal, intrapersonal,
extrapersonal? Qualitatively investigating coordinative couplings between rowers
in Olympic sculling. Nonlinear dynamics, psychology, and life sciences, 17 (3), 425443.

156

Monno, A., Temprado, J.J., Zanone, P.G., & Laurent, M. (2002). The interplay of
attention and bimanual coordination dynamics. Acta Psychologica, 110 (2-3), 187211.
Munk, A. (2002). Eine bootstechnische Ergänzung. Rudersport (23). Obtained from
https://www.rrk-online.de/allgemein/chronrrk/uebermitgl/gvopel02.htm
Nolte, V. (1993). Do you need hatches to chop your water? American Rowing,
July/August, 23-26.
Nolte, V. (2007). Out of sync, out of mind? Rowing News. Lebanon, NH:
Independent Rowing News Inc. 62–65.
Nordham,
C.A.,
Tognoli,
E.,
Fuchs,
A.
&
Kelso, J.A.S. (2018): How interpersonal coordination affects individual behavior
(and vice versa): experimental analysis and adaptive HKB model of social memory.
Ecological Psychology, 30 (3), 224-249. DOI: 10.1080/10407413.2018.1438196
Northern Star (1929, November 9). Novel Style. Syncopated Rowing. Retrieved
from http://trove.nla.gov.au
O’Brien, C. (2011). Effortless rowing. In: Nolte, V. (Ed). Rowing faster (p. 173-182).
Champaign: Human Kinethics.
Oullier, O., De Guzman, G.C., Jantzen, K.J., Lagarde, J., & Kelso, J.A.S. (2008). Social
coordination
dynamics:
measuring
human
bonding, Social
Neuroscience, 3(2), 178-192, DOI: 10.1080/17470910701563392
Pantaleone, J. (2002). Synchronisation of metronomes. American Journal of
Physics, 70 (10), 992–1000.
Peper, C. E., Stins, J. F., & de Poel, H. J. (2013). Individual contributions to (re-)
stabilizing interpersonal movement coordination. Neuroscience Letters, 557, 143147.
Pikovsky, A., Rosenblum, M., & Kurths, J. (2001). Synchronization: a universal
concept in nonlinear sciences. Cambridge university press.
Ramirez, J., Aihara, K., Fey, R.H.B., & Nijmeijer, H. (2014). Further understanding
of Huygens’ coupled clocks: the effect of stiffness. Physica D 270, 11–19.

157

Reed, K., Peshkin, M., Hartmann, M.J., Grabowecky, M., Patton, J., Vishton, P.M.
(2006). Haptically linked dyads. Are two motor-control systems better than one?
Psychological Science, 17(5), 365-366.
Richardson, M.J., Marsh, K.L., & Schmidt, R.C. (2005). Effects of visual and verbal
interaction on unintentional interpersonal coordination. Journal of Experimental
Psychology: Human Performance, 31(1), 62-79.
Richardson, M.J., Marsh, K.L., Isenhower, R., Goodman, J., Schmidt, R.C. (2007).
Rocking together: dynamics of intentional and unintentional interpersonal
coordination. Human Movement Science, 26, 867-891.
R’Kiouak, Saury, Durand, & Bourbosson (2016). Joint action of a pair of rowers in
a race: shared experiences of effectiveness are shaped by interpersonal
mechanical states. Frontiers in Psychology, 7(720). doi: 10.3389/fpsyg.2016.00720
Roerdink, J., Peper, C.M., Beek, P.J. (2008). Visual and musculoskeletal
underpinnings or anchoring in rhythmic visuo-motor tracking. Experimental Brain
Research, 184, 143-156.
Roerdink, M., Van Ulzen, N., Niekel, M., Van den Eijkel, I., & De Poel, H.J. (2016).
When two become one: spontaneous pattern formation in side-by-side and handin-hand walking. Proceedings of the 14th European Workshop on Ecological
Psychology, 25.
Sabatini, A.M., Martelloni, C., Scapellato, S., & Cavallo, F. (2005). Assessment of
walking features from foot inertial sensing. IEEE Transactions on Biomedical
Engineering, 1-9.
Sanderson, B., & Martindale, W. (1986). Towards optimizing rowing technique.
Medicine and Science in Sports and Exercise, 18(4): 454-486.
Sawers, A., Bhattacharjee, T., McKay, J.L., Hackney, M.E., Kemp, C.C., & Ting, L.H.
(2017). Small forces that differ with prior motor experience can communicate
movement goals during human-human physical interaction. Journal of
NeuroEngineering and Rehabilitation 14:8 DOI 10.1186/s12984-017-0217-2

158

Schmidt, R.C., Carello, C., Turvey, M.T. (1990). Phase transitions and critical
fluctuations in the visual coordination of rhythmic movements between people.
Journal of experimental psychology: human perception and performance, 16(2),
227- 247.
Schmidt, R.C., Turvey, M.T. (1994). Phase entrainment in visually coupled rhythmic
movements. Biological Cybernetics, 70, 369-376
Schmidt, R.C., O’Brien, B. (1997). Evaluating the dynamics of unintended interpersonal coordination. Ecological Psychology, 9, 189–206.
Schmidt, R.C., Bienvenu, M., Fitzpatrick, P.A., Amazeen, P.G. (1998). A comparison
of intra- and interpersonal interlimb coordination: coordination breakdowns and
coupling strength. Journal of Experimental Psychology, Human Perception and
Performance, 24, 884-900.
Schmidt, R.C., Richardson, M.J. (2008). Dynamics of interpersonal coordination.
In: Fuchs, A. & Jirsa, V.K. (Ed.). Coordination: neural, behavioural, and social
dynamics (p. 281-308). Champaign: Springer.
Schmidt, R.C., Fitzpatrick, P., Caron R., Mergeche, J. (2011). Understanding social
motor coordination. Human Movement Science, 30, 834-845.
Scholz, J.P., Kelso, J.A.S., Schöner, G. (1987). Nonequilibrium phase transitions in
coordinated biological motion: critical slowing down and switching time. Physics
Letters A, 123 (8), 390-394.
Schöner, G., Haken, H., & Kelso, J. A. S. (1986). A stochastic theory of phase
transitions in human hand movement. Biological Cybernetics, 53(4), 247–257.
Schöner, G., Zanone, P.G., & Kelso, J.A.S. (1992). Learning as change of
coordination dynamics: theory and experiment. Journal of Motor Behaviour, 24
(1), 29-48.
Schöner, G., & Kelso, J. A. S. (1988). Dynamic pattern generation in behavioural
and neural systems. Science, 239(4847), 1513-1520.
Sebanz, N., & Knoblich, G. (2009). Joint action: what, when and where. Topics in
Cognitive Science, 1, 353-367.

159

Seifert, Lardy, Bourbousson, Adé, Mordez, Thouvarecq, & Saury (2017).
Interpersonal coordination and individual organization combined with shared
phenomenological experience in rowing performance: two case studies. Frontiers
in Psychology, 8(75). doi: 10.3389/fpsyg.2017.00075
Sève, C., Nordez, A., Poizat, G., Saury, J. (2011). Performance analysis in sport:
contributions from a joint analysis of athletes’ experience and biomechanical
indicators. Scandinavian Journal of Medicine and Sciences in Sports, 23, 576-584.
Shockley, K., Santana, M., Fowler, C.A. (2003). Mutual interpersonal postural
constraints are involved in cooperative conversation. Journal of Experimental
Psychology: Human Perception and Performance, 29 (2), 326-332.
Sinnott, R. W. (1984). Virtues of the Haversine. Sky and Telescope, 68(2), 159.
Sofianidis, G., Elliott, M.T., Wing, A.M., Hatzitaki, V. (2014). Can dancers suppress
the haptically mediated interpersonal entrainment during rhythmic sway? Acta
Psychologica, 150, 106–113.
Soper, C., & Hume, P.A. (2004). Towards an ideal rowing technique for
performance. The contributions from biomechanics. Sports Medicine, 34(12), 825848.
Sparrow, W.A., Hughes, K.M., Russell, A.P., Le Rossignol, P.F. (1999). Effects of
practice and preferred rate on perceived exertion, metabolic variables and
movement control. Human Movement Science, 18, 137-153.
Sylos-Labini, F., d'Avella, A., Lacquaniti, F., & Ivanenko, Y. (2018). Human-human
interaction forces and interlimb coordination during side-by-side walking with
hand contact. Frontiers in Physiology, 9, 179.
Temprado, J.J., Zanone, P.G., Monno, A., & Laurent, M. (2001). A Dynamical
Framework to Understand Performance Trade-Offs and Interference in Dual
Tasks. Journal of Experimental Psychology: Human Perception and Performance,
27 (6), 1303-1313.
Temprado, J., & Laurent, M. (2004). Attentional load associated with performing
and stabilizing a between-persons coordination of rhythmic limb movements.
Acta Psychologica, 115(1), 1-16.

160

The Argus (1929, October 18). Syncopated rowing. Retrieved from
http://trove.nla.gov.au
The Daily News (1929, September 28). Try-out on the Thames. Retrieved from
http://trove.nla.gov.au
Treffner, P. J., & Turvey, M. T. (1996). Symmetry, broken symmetry, and
handedness in bimanual coordination dynamics. Experimental Brain Research,
107 (3), 463–478.
Uitenbroek, D.G. (1997). SISI Binomial. South Hampton: D.G. Uitenbroek. Available
at: http://www.quantitativeskills.com/sisa/calculations/bonfer.htm (accessed
June 30th, 2016).
Van der Wel, R.P.R.D., Knoblich, G., Sebanz, N. (2011). Let the force be with us:
dyads exploit haptic coupling for coordination. Journal of Experimental
Psychology: Human Perception and Performance, 37(5), 1420-1431.
Van Ulzen, N.R., Lamoth, C.J.C., Daffertshofer, A., Semin, G.R., & Beek, P.J. (2008).
Characteristics of instructed and uninstructed interpersonal coordination while
walking side-by-side. Neuroscience Letters, 432, 88–93.
Van Ulzen, N.R., Lamoth, C.J.C., Daffertshofer, A., Semind, G.R., Beek, P.J. (2010).
Stability and variability of acoustically specified coordination patterns while
walking side-by-side on a treadmill: does the seagull effect hold? Neuro Science
Letters, 474, 79-83.
Varlet, M., & Richardson, M.J. (2011). Computation of continuous relative phase
and modulation of frequency of human movement. Journal of Biomechanics,
44(6), 1200-1204.
Varlet, M., Filippeschi, A., Ben-sadoun, G., Ratto, M., Marin, L., Ruffaldi, E., &
Bardy, B. G. (2013). Virtual Reality as a Tool to Learn Interpersonal Coordination:
Example of Team Rowing. PRESENCE: Teleoperators and Virtual Environments,
22(3), 202-215.
Von Opel, G. (1963, november 11) Lückenhafte Tatsachen. Rudersport (30).
Retrieved from:
https://www.rrkonline.de/allgemein/chronrrk/uebermitgl/frbru+gvo+geru63.ht
m

161

Western Mail (1929, October 24). Syncopated Striking. Retrieved from
http://trove.nla.gov.au
Wilson, A.D., Collins, D.R., Bingham, G.P. (2005). Perceptual coupling in rhythmic
movement coordination: stable perception leads to stable action. Experimental
Brain Research, 164, 517-528.
Wimmers, R.H., Beek, P.J., Van Wieringen, P. C.W. (1992). Phase transitions in
rhythmic tracking movements: A case of unilateral coupling. Human Movement
Science, 11(1–2), 217-226.
Wing, A.M., & Woodburn, C. (1995). The coordination and consistency of rowers
in a racing eight. Journal of Sport Sciences, 13, 187-197.
Zanone, P. G., & Kelso, J. A. (1992). Evolution of behavioral attractors with
learning: Nonequilibrium phase transitions. Journal of Experimental Psychology:
Human Perception and Performance, 18(2), 403-421.
Zhang, M., Kelso, J.A.S., & Tognoli, E. (2018). Critical diversity: divided or united
states
of
social
coordination.
PLoS
ONE
13(4):
e0193843.
https://doi.org/10.1371/journal.pone.0193843

162

163

Abstract
Crew rowing is often used as the archetypical example of team work,
synchronisation processes and joint action. Indeed, it is amazing to see how
people are able to row in a crew with up to seven others, applying all their power
at maximum stroke rate, yet moving in unison, coordination their movements with
perfect precision. Also as a spectator, you see one crew, one boat, rather than
individual athletes. But how are these individual athletes able to coordinate their
movements with one another? In the current dissertation, we studied crew
coordination from a coordination dynamics perspective, considering the rowers
as a system of limit cycle oscillators that are coupled (e.g., through the boat that
they share).
As illustrated in Chapter 2, the coordination dynamics perspective
provides a well-suited approach to study interpersonal coordination: the
behaviour of the system as-a-whole emerges from the interaction between the
(oscillating) elements that constitute the system (in this case, rowers and boat).
Although traditionally rowers strive to row in perfect in-phase coordination, over
the course of a century it has been suggested (and incidentally tried out) that
rowing in an alternating pattern may be beneficial for performance, which makes
a coordination dynamics perspective particularly suitable to study crew rowing. In
return, crew rowing provides an excellent experimental paradigm that allows for
manipulation of different aspects of the system at the common level (e.g., in- or
antiphase pattern), the level of components (e.g., drive-recovery ratio) and the
interaction (e.g., the mechanical coupling through the boat). Moreover, crew
rowing is a real-life task in which it is functional and thus meaningful (rather than
just instructed) to synchronise. While the laboratory ergometer setup allows for
more controlled experimentation, the obtained results can be verified in
experiments in the real environment: on the water.
We started our experimentation on the water, addressing the general
hypothesis held both in science and in practice, namely that if rowers perfectly
synchronize their movements in in-phase crew coordination, detrimental boat
movements can be minimised, which would result in an optimised conversion of
the power that rowers produce into boat speed (Chapter 3). As movement
frequency (or stroke rate) was expected to affect both the stability of coordination
and movements of the boat, the relation between crew coordination variability
and movements of the boat was tested at different stroke rates, varying from 1834 spm (strokes per minute). The results indicated that variability of crew
coordination is indeed related to surge velocity fluctuations of the boat for
coordination around the catch, but counter to the direction that was expected.
That is, less variable crew coordination actually involved more surge velocity
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fluctuations. In line with expectations, less variable crew coordination was related
to less roll, which is indicative of better lateral balance of the boat. The results
showed that more stable crew coordination indeed is related to improved lateral
balance but also suggested that deviating from perfect in-phase synchronisation
may contribute to minimising velocity fluctuations of the boat and hence, less
hydrodynamic drag.
In the subsequent studies (Chapters 4-7), we therefore also tested
antiphase crew coordination, which is less conventional for rowing but a wellstudied pattern in coordination dynamics. As most coordination dynamics studies
generally show that the stability of coordination decreases with an increase in
movement frequency (e.g., Kelso, 1984; Schmidt, Carello, & Turvey, 1990), which
in the case of antiphase coordination may yield transitions to in-phase
coordination, we tested whether rowers would be able to row in in- and antiphase
crew coordination at increasing stroke rates, starting at 30 spm and increasing
movement frequency until they could not increase stroke rate any further
(Chapter 4). We did so in the lab, using an experimental setup of coupled
ergometers to reflect the movements of the boat with respect to the water and
to mimic the physical connection between rowers via the boat that they share.
The results showed rowers were well able to row in antiphase coordination, even
at high stroke rates and the less displacement of the ergometer system suggested
that the antiphase coordination pattern indeed reduces velocity fluctuations of
the boat, compared to in-phase crew coordination.
As clearly shown in the supplementary material video’s in Chapter 5, the
ergometer system moves back and forth while rowing in in-phase coordination
and remains at more or less the same position in space when rowing in antiphase
coordination. The observation that if antiphase coordination breaks down, the
ergometer-system starts oscillating at larger amplitudes (see ‘Coordinative
breakdown.mp4’) led to the question whether the mechanical coupling through
the boat (or ergometer system) that the rowers share may perhaps explain the
occurrence of coordinative breakdowns as observed in Chapter 4. Therefore, in
Chapter 5 crews rowing in in- and antiphase at 20 and 30 spm were tested on
ergometers with and without mechanical coupling. Although the results show no
significant difference between with- and without the mechanical coupling
conditions in the occurrence of coordinative breakdowns, the stabilising effect of
mechanical coupling was clearly reflected in the lower variability of both in- and
antiphase crew coordination in the mechanical- compared to the no mechanical
coupling condition.
Given the promising results obtained in the lab that showed that rowers
are able to row in antiphase, even at high stroke rates as in racing, and given that
rowing in antiphase involves less movements of the ergometer system, we set out
to test the antiphase rowing on the water. After a promising first case study in
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Chapter 6 in which the crew was able to perform four 1000 m trials in in- and
antiphase at 20 and 30 spm without breakdowns in coordination, the experiment
was repeated with more pairs in Chapter 7. Again, even though it was the very
first time these rowers performed the antiphase pattern, they were well able to
row in antiphase: all pairs were able to row at least one antiphase trial without
breaking down coordination. Rowing in antiphase crew coordination indeed
reduced velocity fluctuations of the boat, but did not results in faster racing times
in comparison to rowing in in-phase crew coordination.
Together, this dissertation provides a first step in taking crew rowing from
a mere metaphorical example to a model task to study interpersonal coordination
dynamics processes, and its suitability for testing coupled oscillator predictions
though experimentation, both in the lab and on-water. The current dissertation
offers incentives for further research in interpersonal coordination, more
specifically on the role of attention and perturbations, manipulations of
interaction sources (mechanical coupling in particular) and preferred movement
frequencies. In return, the obtained results provide insights for the traditional inphase as the more experimental antiphase crew rowing, showing the importance
of considering the crew as one coordinative system, both in science as in crew
rowing practice. Given the promising first indications from this dissertation, it
seems worthwhile to study the potential benefits of antiphase rowing further,
regardless of whether rowing in antiphase ultimately proves to be faster or not:
researching antiphase rowing may also contribute to a better understanding of inphase rowing, both in science and in practice.
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Samenvatting
Ploeg roeien wordt vaak beschouwd als een archetypisch voorbeeld van
het werken in teams, synchronisatieprocessen en samenwerken. Het is
indrukwekkend om te zien hoe mensen in staat zijn om samen, soms zelfs met 7
ploeggenoten tegelijk, in een ploeg te roeien, op het maximum van hun kunnen
presterend, terwijl zij in perfecte synchronisatie als één bewegen. Ook als
toeschouwer zie je één ploeg, één boot, in plaats van individuele atleten. Hoe zijn
deze individuen in staat om hun bewegingen zo goed op elkaar af te stemmen? In
dit proefschrift hebben we ploegen-coördinatie onderzocht vanuit een
dynamische systemen perspectief en beschouwen we de roeiploeg als een
systeem van oscillatoren die gekoppeld zijn (e.g., middels de boot).
Zoals geïllustreerd in Hoofdstuk 2 biedt een coördinatie dynamica
perspectief een zeer geschikte benadering om interpersoonlijke coördinatie te
bestuderen: het gedrag van het systeem als geheel ontstaat vanuit de interactie
tussen de (oscillerende) elementen waaruit het systeem bestaat (in dit geval, de
roeiers en de boot). Hoewel roeiers traditioneel gezien streven naar perfecte infase synchronisatie, is in de afgelopen eeuw meermaals geopperd (en soms ook
uitgeprobeerd) dat roeien in een alternerend patroon mogelijk voordelig kan zijn
voor de roeiprestatie. Dit maakt een coördinatie dynamica perspectief zeer
geschikt als theoretische achtergrond om ploeg roeien te bestuderen.
Tegelijkertijd biedt het roeien in een ploeg een excellente experimentele taak om
verschillende aspecten van het systeem te manipuleren, zowel op het niveau van
het geheel (e.g., in- en antifase patronen), het niveau van de componenten (e.g.,
de haal-recover ratio), als op het interactieniveau (e.g., de mechanische koppeling
via de boot). Daarnaast is ploeg roeien een natuurlijke, realistische taak waarbij
het functioneel en dus betekenisvol is om te synchroniseren (in tegenstelling tot
slechts volgend uit instructie van de onderzoeker). Terwijl de lab-opstelling het
mogelijk maakt meer gecontroleerd te experimenteren, kunnen de verkregen
resultaten worden geverifieerd in de natuurlijke omgeving waarin de taak
plaatsvindt: op het water.
We zijn begonnen met een experiment op het water, waarin we het
uitgangspunt dat als roeiers hun bewegingen perfect in in-fase synchroniseren, zij
nadelige bewegingen van de boot kunnen minimaliseren, hetgeen zou resulteren
in een optimale omzetting van de energie die de roeiers produceren in
bootsnelheid, hebben geadresseerd (Hoofdstuk 3). Gezien de verwachting dat
bewegingsfrequentie (of slagfrequentie) zowel de stabiliteit van de coördinatie als
de bewegingen van de boot beïnvloedt, is de relatie tussen de variabiliteit van de
coördinatie van de ploeg en de bewegingen van de boot getest op verschillende
slagfrequenties, variërend tussen 18-34 spm (slagen per minuut). De resultaten
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laten zien dat de variabiliteit van de coördinatie van de ploeg inderdaad
gerelateerd is aan snelheidsfluctuaties van de boot rond de intik (het moment
waarop de bladen in het water gaan), maar in tegengestelde richting van de door
zowel de wetenschap als de praktijk in algemeen aangenomen hypothese. Dat wil
zeggen, een lagere variabiliteit in de coördinatie van de ploeg bleek gerelateerd
aan meer snelheidsfluctuaties van de boot. In overeenstemming met de
verwachtingen bleek een lagere variabiliteit in coördinatie van de ploeg wel
gerelateerd aan minder laterale draaibewegingen van de boot, hetgeen een
indicatie is van een betere laterale balans van de boot. De resultaten laten zien
dat een verhoogde stabiliteit van coördinatie van de ploeg gerelateerd is aan een
verbeterde laterale balans, maar ook dat afwijken van perfect in-fase coördinatie
kan bijdragen aan het verminderen van snelheidsfluctuaties van de boot en
zodoende, zou kunnen resulteren in vermogensverliezen door waterweerstand.
In de daaropvolgende studies (Hoofstuk 4-7) hebben we daarom ook een
antifase roeipatroon getest, hetgeen een minder conventioneel patroon is voor
het roeien, maar een goed bestudeerd patroon in de coördinatie dynamica. De
meeste studies in de coördinatie dynamica laten over het algemeen zien dat de
stabiliteit van de coördinatie afneemt met een toename in bewegingsfrequentie
(e.g., Kelso, 1984; Schmidt, Carello, & Turvey, 1990), hetgeen in het geval van een
antifase coördinatie patroon zou kunnen resulteren in transities naar een in-fase
coördinatie patroon. Daarom hebben we getest of roeiers in staat zijn om in- en
antifase te roeien gedurende een toename in slagfrequentie, beginnende op 30
spm en met een toename in slagfrequentie totdat zij hun deze niet meer konden
verhogen. Dit werd getest in een lab-opstelling van gekoppelde ergometers om de
bewegingen van de boot ten opzichte van het water en de fysieke connectie
tussen de roeiers via de boot na te bootsen. De resultaten lieten zien dat roeiers
goed in staat zijn in een antifase patroon te roeien, zelfs op hogere
slagfrequenties. Tevens liet de vermindering van de bewegingen van het
ergometersysteem zien dat een antifase patroon inderdaad snelheidsfluctuaties
van de boot vermindert, in vergelijking tot het in-fase roei patroon.
Op de video’s in Hoofdstuk 5 zijn de bewegingen van het ergometer
systeem duidelijk zichtbaar: in in-fase beweegt het ergometer systeem heen en
weer, terwijl deze in antifase vrijwel op dezelfde plek blijft. De observatie dat het
ergometer systeem meer en meer heen en weer beweegt wanneer de coördinatie
in antifase uit elkaar valt (zie ‘Coordinative breakdown.mp4’) leidde tot de vraag
of de mechanische koppeling via de boot (of in dit geval, het ergometer systeem)
een mogelijke verklaring voor het uit elkaar vallen van de coördinatie van de
ploeg, zoals geobserveerd in hoofdstuk 4 zou kunnen zijn. Daarom werden in
hoofdstuk 5 roeiploegen getest op ergometers die wel of niet mechanisch aan
elkaar gekoppeld waren, terwijl zij roeiden in een in- en antifase patroon op 20 en
30 spm. Hoewel de resultaten geen significant verschil in het voorkomen van het
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uit elkaar vallen van de coördinatie van de ploeg laten zien, was het stabiliserende
effect van de mechanische koppeling duidelijk zichtbaar in de lagere variabiliteit
van zowel in- als antifase coördinatie in de mechanische- vergeleken met de nietmechanische koppelings-conditie.
Gegeven de veelbelovende resultaten uit het lab, die lieten zien dat
roeiers in staat zijn om in een antifase coördinatie patroon te roeien, zelfs op
hogere slagfrequenties zoals tijdens wedstrijden, en gegeven dat het roeien in
antifase minder bewegingen van het ergometer systeem met zich meebrengt, zijn
we het roeien in antifase gaan testen op het water. Na een veelbelovende case
study in Hoofdstuk 6 waarin de ploeg in staat was vier 1000m-condities te varen
in in- en antifase en op 20 en 30 spm, zonder uit het antifase patroon te vervallen,
is het experiment herhaald met meer proefpersoon paren in Hoofdstuk 7. Ook
hier waren de ploegen in staat om in antifase te roeien, zelfs gegeven dat het de
eerste keer was dat ze dit deden. Alle paren waren in staat ten minste één antifase
conditie te roeien zonder uit het coördinatie patroon te vallen.
Alles samengenomen biedt dit proefschrift een eerste stap om ploeg
roeien van een metafoor naar een model taak voor het bestuderen van
interpersoonlijke coördinatie processen te brengen en illustreert het de
gepastheid van het ploeg roeien als taak om gekoppelde oscillator principes te
testen, zowel in het lab als op het water. Het proefschrift geeft aanzet tot verder
onderzoek in interpersoonlijke coördinatie, meer specifiek naar de rol van
aandacht en verstoringen, manipulatie van vormen van interactie (met name naar
mechanische koppeling) en voorkeursfrequenties. Tegelijkertijd bieden de
behaalde resultaten inzichten voor zowel het traditionele in-fase alsmede het
meer experimentele antifase roeien, en laat het proefschrift het belang zien van
het beschouwen van de roeiploeg als één coördinatief systeem, zowel voor de
wetenschap als voor de praktijk. Gegeven de resultaten van dit proefschrift, lijkt
het waardevol de mogelijke voordelen van het roeien in antifase verder te
bestuderen, los van de vraag of het roeien in antifase uiteindelijk sneller blijkt te
gaan of niet; het onderzoeken van antifase roeien kan tevens bijdragen aan een
beter begrip van in-fase roeien, zowel in de wetenschap als in de praktijk.
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